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The ultraviolet (UV) based advanced oxidation process (AOP) has been a 
promising technology to degrade emerging persistent contaminants present in 
drinking water. The UV technology has two benefits such as disinfecting the 
microbes and helping oxidizing the organics in the oxidation process. The 
intermediate products are however concerns in UV based oxidation 
technology because of the inadequate reaction time during oxidizing. When 
H2O2 and S2O8²⁻ are exposed to UV radiation, the two oxidizers produce 
highly reactive radicals of ∙OH and SO4
.⁻. The aim of this study was to 
simulate a novel UV/H2O2+S2O8
2- 
system for drinking water treatment using 
Computational Fluid Dynamics model (CFD) and evaluate Bisphenol A 
(BPA) removal, oxidizer residual, intermediate product formaldehyde and 
disinfection efficiency.  
 
CFD tool was firstly employed to verify the experimental UV disinfection 
efficiency of a flow through UV reactor. The CFD result showed that the MS2 
log removal by the reactor was 3.92 at 400 LPH and 2.353 at 700 LPH that 
was lower than the experimental result of 2.71 log. It is due to the reactor 
configuration where inlet and outlet position were installed at perpendicular 
position. Reducing the inlet diameter from 2.14 cm to 2.0 cm enhanced the log 
removal from 3.918 to 4.329. Installing the spiral baffle 360 degree increased 
the MS2 log removal from 4.329 to 4.600 at 400 LPH. The results show the 
correlation between the reactor configuration and UV disinfection efficiency. 
 







secondly simulated using CFD. The batch reactor experiment was conducted 
to determine the BPA reaction kinetics with three UV/AOP systems. The BPA 
degradation by UV/H2O2 (Phase II), UV/S2O8²
-
 (Phase III) and 
UV/H2O2+S2O8²
- 
(Phase IV) systems demonstrated pseudo 1
st
 order kinetics 
whereby the k’ values were 0.0522 mins-1, 0.1172 mins-1 and 0.1415 mins-1 
respectively. The BPA degradation favoured the alkaline condition for all 
systems (Phase II to IV). All AOP systems had demonstrated their capabilities 
in degrading BPA effectively by monitoring their degradation rates of BPA and 
the formation rate of formaldehyde as an intermediate product of BPA. The 
results suggest that the UV/H2O2+S2O8²
- 
system had the highest BPA removal 
at pH7. Comparing to the MS2 disinfection result by UV alone, the same log 
inactivation was found in the UV/H2O2 system, the higher log inactivation in 
the UV/S2O8²
- 
system and the lower log inactivation in the UV/H2O2+S2O8²
- 
system. The result implies that CFD model can simulate the UV/H2O2+S2O8²
- 
system for organics removal in water treatment. However, it is recommended 
to use higher concentration (mg/l) to run CFD model. The correlation between 
the presence of background ions and mineralization at persulfate system 
should also be studied. This is because the oxidizer S2O8²
- 
has the different 
response on different background ions. The results shown in this study implies 
that the UV/H2O2+S2O8²
- 
system can be a highly promising UV/AOP 
application in the effective oxidative degradation of organic contaminants and 
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1.1  Introduction 
Clean water plays an important role in sustaining human health. Consuming 
contaminated water can cause serious waterborne diseases and threatens 
human health. For this reason, World Health Organization (WHO) has 
provided drinking water quality guidelines to enhance world-wide public 
health standard (WHO, 2004). In addition, Environmental Protection Agency 
(EPA) has defined the standard of the drinking water quality, contaminant 
candidate lists, disinfection by-products (DBPs) rules and regulations on the 
required guidelines, and physical, chemical and microbiological contaminants 
associated with drinking water (USEPA, 2004). Water quality standards 
typically regulate the presence of microorganisms, natural or man-made 
chemicals, radioactivity, color, taste, odor, and emerging persistence 
compounds present in water. These standards may also address the type of 
alternative technologies and kinds of chemicals available to treat contaminants 
and the associated by-products. Essentially, the treated drinking water needs to 
be microbiologically and chemically safe for human consumption.  
 
Activities such as rapid urbanization and/or practicing agriculture with low 
technical bases have caused water to be contaminated with various 
microorganisms and anthropogenic chemicals. With ever increasing technical 
advancement, more variants of synthetic chemical compounds are used for 
manufacturing. As a result of the increased usage of these chemicals and the 
complexities of these chemicals, many challenges are placed on treatment 
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technologies for the removal of these compounds from drinking water. 
Chemicals such as chlorine, chloramines and ozone are conventionally applied 
for disinfecting water and at the same time, oxidizing persistent organic 
contaminants in water. Nevertheless, taste and odor problems associated with 
by-products are still issues of concern to public health. Thus, it is essential to 
improve conventional treatment to reduce taste and odor and limit by-products 
associated with the treatment technology. 
 
Among the contaminant candidates, emerging contaminant Bisphenol A 
(BPA) is recognized as an Endocrine Disruption Chemical (EDC). Increasing 
research works have highlighted the negative influence of BPA based on 
aquatic animals’ studies (Pan and Chen, 2010; Zhan et al., 2007). With the 
increased production of polycarbonates, epoxy resins and other plastic related 
materials with BPA, coupled with its threat to environmental and human 
health, the presence of BPA in the environment becomes a major concern.  
Human exposure to BPA is believed to be the result of contamination with 
BPA-containing plastic products (Internet source, 2012). Therefore, many 
studies have focused on issues such as BPA exposure limit. The allowable 
concentration of BPA in drinking water is still unknown and undefined.  
 
Besides focusing on influences of BPA and their exposure limits, a more vital 
area of research revolves around the technologies for BPA removal. 
Innovative technologies are always necessary in order to provide safe, 
sustainable and cost-effective approaches in this evolutionary world. In order 
to produce safe drinking water, the ultraviolet (UV) photochemistry is one of 
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the better alternative technologies among the globally accepted water 
treatment technologies (USEPA, 1999a). The UV light alone effectively 
disinfects persistent microorganisms such bacteria, protozoa and most enteric 
viruses at reasonably low UV doses of 40–60 mJ/cm2. Without the addition of 
chemicals and hence the low byproducts associated with this technology, UV 
disinfection has been well recognized by EPA (USEPA, 1999b; Wright and 
Cairns, 1998; USEPA, 2006a). When applied as a catalyst, UV-based 
advanced oxidation technologies are robust in removing persistent chemicals 
(Winter, 1999; Parsons, 2004). This includes pesticides, taste and odor 
compounds, EDCs, Pharmaceuticals and Personal Care products (PPCPs) and 
other recalcitrant compounds. Among UV-based advanced oxidation 
technologies (UV/AOP), the UV/H2O2 advanced oxidation treatment 
technology (UV/H2O2 AOP) has received the substantial attention for drinking 
water treatment. Compared with conventional chemical treatment processes, 
few by-products are produced by UV-based AOP treatment during the 
removal of synthetic persistent organic compounds. Adequate reaction time is 
necessary to eliminate by-products in UV-based advanced oxidation process. 
Otherwise, intermediate products are formed in UV based AOP treatments. 
Therefore, the potential byproducts formation associated with AOP 
technologies cannot be ignored in order to produce chemically safe drinking 
water. In view of the above, the modeling of advanced oxidation UV-based 
processes is highly essential to provide a rapid understanding on its effects on 




1.2  Background of the study 
Conventional treatment methods alone may not be effective to provide safe 
and pleasant drinking water. Issues of concern include taste and odors and 
disinfection byproducts (DBPs) associated with the removal of resistant 
microorganisms and emerging chemical contaminants using chemical oxidants 
(Crittenden et al., 2005). These persistent microbial and chemical 
contaminants such as pharmaceuticals and EDCs require a higher dose of 
oxidants to be effectively removed. However, high dosage of these oxidants 
results unpleasant tastes in drinking water and at the same time, results in the 
production of more DBPs (Smith and Grimason, 2003; Betancourt and Rose, 
2004b; Twort et al., 2000). With the concurrent promulgation of both the 
Long Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR) 
(USEPA, 2006a) and the Stage 2 Disinfectant Disinfection-By-Product Rule 
(Stage 2 DBP rule) (USEPA, 2006b) to address both microbial and chemical 
safety of drinking waters, the use of appropriate disinfectants and chemical 
oxidants have therefore become an issue of concern. Thus, conventional 
treatment methods need to be improved so as to provide a balance between the 
risk posed by microbial contaminants and at the same time, limit the formation 
of disinfection byproducts during the addition of oxidants for both disinfection 
and organic oxidation. 
 
Ultraviolet (UV) has been suggested as one of the promising alternative option 
to conventional water treatment (Crittenden et al., 2005) as it can cater for 
both microbial and chemical safety aspects of drinking water. With just UV 
light alone, drinking water can be effectively disinfected to eliminate most 
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waterborne pathogens whilst with UV-based AOP, the radicals constitute as 
strong oxidizing agents to provide for degrading recalcitrant organic and 
inorganic contaminants in drinking water. During UV disinfection, UV light 
energy dimerizes the DNA of the microorganisms, and prevents their 
replication and inactivates them effectively (Malley, 2002; Miller et al., 1999). 
UV disinfection has been suggested as an easy and cost-effective means of 
inactivating chlorine-resistant microorganisms, particularly Cryptosporidium 
and a broad range of other bacterial, protozoan and viral waterborne pathogens 
(Chang et al., 1985; Wright and Cairns, 1998). Unlike oxidation processes 
such as ozonation and chlorination etc., UV disinfection does not result in the 
introduction of taste and odor effect to the treated water (USEPA, 1996). This 
is because UV light-mediated processes are physical processes and no 
chemicals are added to alter the chemical constituents in the water. Despite the 
numerous advantages offered by UV technology, one of its limitation 
pertaining to drinking water disinfection is that it does not provide any 
residual for further disinfection in the distribution system (USEPA, 2006a). To 
prevent microorganisms from initiating dark or photo repair, chemical 
disinfectants are usually applied after the UV treatment prior to downstream 
distribution (Parsons, 2004; Lazarova et al., 1999; Chang et al., 2006; Shu and 
Chang, 2005).  
 
Besides the inability to provide for residual disinfectant during distribution, 
another limitation of UV is that its efficiency can be highly compromised by 
water matrices with high absorbance or UV transmittance (UVT). When UV 
light propagates, the phenomena of absorption, reflection, refraction and 
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scattering will be encountered between the emitted UV light and the media 
through which the light passes through (Fluent manual Guide, 2009). Water 
matrices with high UVT therefore limit the extent of the incident light falling 
on the particle surface and hence the efficiency of UV-mediated processes. 
UV light that is absorbed by the water matrices is also not available for 
inactivating microorganisms. The nature of water matrix that directly relates to 
the absorbance of the UVT therefore plays an important role in determining 
the UV disinfection performance. The sensitivity of the water matrix 
pertaining to its UVT should be established for UV related studies.  
 
To address the chemical aspect of safe drinking water, UV-based AOP can be 
adopted. UV/AOP can effectively remove persistent  compounds yet it results 
in the production of lower quantities of DBPs compared with conventional 
chemical treatment (Mokrini et al., 1997; Aplin and Waite, 2000; Kurbus et 
al., 2003; Crittenden et al., 2005; Popiel et al., 2008; Suty et al., 2004; Camel 
and Bermond, 1998; Oh et al., 2006; Vogna et al., 2004). One of the more 
common UV/AOP is the UV/H2O2 process in which radicals (powerful 
oxidizing agents) are produced when UV light dissociates H2O2. The OH 
radical can more actively degrade persistent compounds than H2O2 alone 
because the redox potential of OH radical is 2.7V which is higher than the 
redox potential of H2O2 which is 1.8V. The oxidation potentials of these 
radicals are also higher than that of common chemical oxidants such as 




As a result, many applications have used UV disinfection for primary 
disinfection and also UV/AOP for the degradation of persistent chemical 
compounds such as EDCs and pharmaceutical compoounds. However, most of 
the existing studies have focused on the effect of oxidant dose in the UV/AOP 
treatment for MS2 microorganism removal without considering the persistent 
chemical contaminants (Jung et al., 2008; Ahn et al., 2005; Mamane et al., 
2007; Alkan et al., 2007; Cho et al., 2006; Koivunen and Heinonen-Tanski, 
2005). Likewise, other studies focused only on the UV/AOP of recalcitrant 
organic compounds without considering the presence of target microorganisms 
such as MS2. In view of this, there is a need to investigate the performance of 
UV/AOP treatment both for degrading chemical contaminants and 
microorganism removal. To date, microorganism removal in the presence of 
emerging chemical contaminants has not been potentially explored.   
 
Besides UV/H2O2 AOP, UV/persulfate advanced oxidation process also 
known as UV/S2O8
2-
 AOP is currently one of the emerging technologies. 
While the redox potential (E) of S2O8
2-
 is 2.1 V, that of the SO4 radical is 
2.6V. Thus, SO4 radical is regarded kinetically fast enough in term of redox 
potential and more stable in reaction process than OH radicals. Based on 
findings, however, UV combined with S2O8
2-
 AOP generates similar potential 
radicals as UV/H2O2 AOP (Raharinirina et al., 2011; Huang and Huang, 2009; 
Criquet and Leitner, 2009). Relatively little is known about the persulfate 
oxidation treatment that is used to degrade chlorinated and non-chlorinated 
compounds. Multiple subsequent reaction steps in sodium persulfate process 
showed different reaction rates in each subsequent reaction step in different 
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papers. Moreover, the second order kinetic of SO4 radical in degrading BPA 
has not been reported in literature (Block et al., 2004; Yang et al., 2009; Yoon 
et al., 2011). Thus, further research is needed to fully exploit this emerging 
technology and to understand its potential for large-scale applications in 
future. 
 
UV/AOP usually involves more than one reaction mechanisms. Typically, 
multiple step reaction mechanisms occur whereby intermediate byproducts are 
generated. The byproducts formed are affected by the reaction time available 
for the oxidizing reaction to complete. Many studies have reported that the 
UV/H2O2 produces intermediate products such as formaldehyde and acetone. 
BPA will be degraded into many intermediate products that are more harmful 
than the BPA parent compound. The primary intermediate products were 
found to contain the phenol ring while the secondary intermediate products 
such as formaldehyde and acetone do not contain any phenolic ring. In 
contrast, no study has reported the formation of intermediate formaldehyde or 
acetone associated with UV/S2O8
2-
 process in degrading BPA for drinking 
water treatment. Detecting formaldehyde intermediate product in both 
UV/H2O2 and UV/S2O8
2-
 processes may contribute toward a better alternative 
treatment in terms of mineralization or by-product formation.   
 
In addition, to further compliment experimental results and supplement 
knowledge on UV-based studies, some of which cannot be easily ascertained 
through experimental data. Computational Fluid Dynamics (CFD) has proven 
to be a useful tool in these water treatment processes. Encompassing a series 
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of numerical methods and algorithms, it aims  to fill the information gap 
between the hydraulic performance and the UV reactor performance (Knatz, 
2006; Wilcox, 1998a; Coker, 2001; Karama et al., 1999; Dixon et al., 2003; 
Hofman et al., 2007; Rauen et al., 2008). These gaps include flow distribution, 
mixing performance, residence time, areas of flow, dead zones, and flow short 
circuiting, UV lamp intensity, UV wavelength, exposure time, water quality, 
flow rate, microorganism type and source as well as its distance from the light 
source (Stamou, 2008). To date, several researchers have applied CFD and 
simulated UV disinfection for drinking water system (Liu, 2004; Lyn et al., 
1999; Sozzi and Taghipour, 2006). However, limited studies have applied 
CFD models to OH radical processes and in the studies of UV/H2O2 AOP 
treatment. Additionally, no known research has applied CFD model to SO4 
radical or UV-based persulfate processes (UV/S2O8
2-
 AOP). Thus, there is a 
merit to develop a novel UV-based application for drinking water treatment 
using CFD model by combining both H2O2 and S2O8²⁻ to oxidize BPA. With 
the aid of CFD, this would provide a more comprehensive understanding on 
the above AOP.  
 
1.3 Objectives 
The overall objective of this study is therefore to propose and develop a novel 
UV/H2O2+ S2O8
²⁻ system for drinking water treatment. Oxidizers chosen were 
H2O2 and S2O8
²⁻ because of their highly reactive radicals (∙OH and SO4∙⁻) 
which will be produced when they are exposed to UV radiation. The new 
system for UV/AOP is intended to be highly feasible for the effective 
oxidative degradation of BPA in terms of its BPA degradation efficiency and 
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chemical consumption. In addition, the additional disinfection efficiency in the 
new system will be analyzed. Specific objectives are to: 
1. Develop a spiral shape baffle and analyze  its parameter; 
2. Develop UV/S2O8
2- 
AOP  process with CFD tool,  
3. Develop the combined UV/H2O2+S2O8
2-
 AOP process with CFD tool 
and 
4. Identify the MS2 disinfection efficiency by each oxidation process 
(CFD/UV/AOPs). 
 
1.4 Organization of Thesis 
The works carried out in this study are organized into 5 chapters as follows. 
Chapter 2 Literature review: highlights the overview of conventional 
disinfection, alternative Ultraviolet Disinfection (UV) treatment and UV-based 
advanced oxidation disinfection to disinfect microorganisms. The UV light not 
only disinfects microorganisms, but also performs direct photolysis or serves 
as a catalyst for the production of hydroxyl radicals to oxidize the persistent 
chemical contaminants. Therefore, more survey was carried out on UV-based 
AOP to understand their capability of removing the emerging contaminant 
Bisphenol A (BPA). In addition to the UV treatment, the study reviews the 
UV reactor design used in the UV treatment system. Computational fluid 
dynamics tool (CFD), a commonly used tool for UV-based drinking water 
treatment, is also highlighted. 
 
Chapter 3 Methodology: describes the development of UV-based models to 
degrade BPA. The UV-based models in this study include CFD/UV 
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disinfection model (Phase I) to validate MS2 disinfection with a flow through 
UV reactor, and oxidation models namely CFD/UV/H2O2 advanced oxidation 
model (Phase II), CFD/UV/S2O8
2-
 advanced oxidation model (Phase III) and 
CFD/UV/H2O2+S2O8
2-
 advanced oxidation model (Phase IV). The preparation 
of batch reactor experiment to study the BPA reaction kinetics with each UV 
advanced oxidation model was described after Phase I – UV disinfection.  
 
Chapter 4 Results and Discussions: describes the results of oxidation and 
additional disinfection by UV/AOP models. The validated UV/MS2 
disinfection and the design analysis such as inlet/outlet diameter and spiral 
shape baffle are discussed in Chapter 4.1. In Chapter 4.2, the results of the 





 AOP are described. Chapter 4.3 describes the 
results of each system in terms of BPA removal, oxidizer residual, 
intermediate product formaldehyde formation and the additional UV/AOP 
disinfection. Chapter 4.4 describes the comparison of three UV/AOP systems. 
Chapter 4.5 describes additional disinfection efficiency by each UV-based 
oxidation system.   
 
Chapter 5 Conclusions and recommendations: summarize the conclusions 
drawn from CFD/UV/MS2 disinfection, the BPA kinetics study and UV/AOP 
CFD models. Then, some recommendations for future work are discussed. 
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1.5 The significations and contributions of the study 
1. The spiral baffle was installed inside the UV reactor to increase the 
residence time of microorganisms. The parameters of the spiral baffle 
that can affect the disinfection were analysed. The parameters were the 
number of spirals, the thickness of the spiral, the position of the spiral, 
and the spiral with and without wiper space. 
  
2. The new emerging UV/persulfate system comparatively removed the 
synthetic organic contaminant BPA as the current promising UV/H2O2 
treatment. The new UV/S2O8
2-
 AOP was developed with CFD tool. 
The reactants were persulfate radical and BPA in liquid state. The 
product was formaldehyde by-product, hydrogen ion and persulfate 
ion. The correlation between BPA removal with oxidizer residual and 
the formaldehyde by-product was demonstrated.   
 
 
3. The combined UV/H2O2+S2O8
2-
 AOP to remove the persistence 
compound BPA was newly developed with CFD tool in the study. This 
process involved multi radical attacks by persulfate and peroxide 
radicals in removing BPA on the way to mineralization. 
 
4. The UV/AOP system provided the additional MS2 disinfection 





 systems were 
demonstrated and compared successfully.   
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2 LITERATURE REVIEW 
 
A survey of literature pertinent to studies on oxidation disinfection (using 
chemical disinfectant), UV disinfection (using electromagnetic light 
disinfectant) and UV based advanced oxidation treatment applied in drinking 
water treatment system is presented in this chapter. In addition to the 
treatments, the previous attempts to develop UV treatment system 
incorporating hydraulic behavior are discussed to highlight the rationale for 
the alternative method proposed in the present study.   
 
2.1 Convectional disinfection (Oxidative disinfection) 
 
Fig 2.1 Typical treatment train for conventional water treatment (Crittenden, et 
al., 2005) 
 
Typical water treatment systems include coagulation, flocculation, filtration 
and disinfection processes as shown in Fig 2.1. The disinfection process has 
two functions, namely primary disinfection and secondary disinfection (post 
disinfection). Primary disinfection is used to destroy microorganisms while 
secondary disinfection is used to maintain a disinfectant residual for the 
treated water in the distributed system. Commonly used chemical disinfectant 
agents are (1) free chlorine, (2) combined chlorine, (3) ozone, and (4) chlorine 
dioxide. These chemicals are used for both primary and post disinfections in 








drinking water treatment system (Crittenden et al., 2005; Twort et al., 2000; 
USEPA, 1999a). Chemical disinfectants are widely used because of their 
simplicity in application, low cost, high reliability, and they can be rapidly 
implemented in small communities and large metropolitan areas. The use of 
chemical disinfectants is extremely effective in destroying waterborne 
pathogens that cause a range of diseases (Li et al., 2002; Kusakabe et al., 
1991; Rice, 1997). In addition, chemical disinfectants are used to maintain a 
certain level of disinfectant residual in order to maintain the quality of treated 
water as it flows from the treatment plant to the water tap. Among the 
conventional disinfectants, chlorine based chemicals are most commonly used 
by water treatment engineers. 
  
It is well known that using the chemical oxidants inevitably forms disinfection 
byproducts (DBPs) that are risky for sustainable human health (USEPA, 2004; 
USEPA, 2001). In view of this shortcoming, the interest on conventional 
disinfection technologies has been shifting away from the use of those 
oxidants alone, to the use of alternative technologies such as membrane or 
photochemical technology (UV).  
 
2.2 Ultraviolet Disinfection 
Ultraviolet (UV) is one of the alternative methods to conventional treatment 
method (USEPA, 1999a; USEPA, 2006a). It is a form of electromagnetic 
radiation that damages microorganism’s DNA physically (Wright and Cairns, 
1998; Abbaszadegan et al., 1997; AWWA, 2004). It is because the absorbance 
of the DNA peaks near 260 nm. Its peak is in close proximity to the UV light 
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spectrum and is hence easily absorbed by DNA. The UV light that is absorbed 
will hence damage the DNA nucleotides by creating dimmers to form within 
the DNA strand. This will impair cellular functions of microorganisms, 
thereby resulting in their inactivation.  
  
UV technologies for drinking water treatment were introduced in 1990’s when 
it was observed that UV disinfection was very cost effective in terms of 
Cryptosporidium oocysts and Giardia cysts inactivation as compared with 
chlorine disinfection (Linden et al., 2002; Betancourt and Rose, 2004b; 
Campbell and Wallis, 2002; Craik et al., 2001; Smith and Grimason, 2003). 
Besides its high efficacy and cost effectiveness, other advantages of using UV 
includes the ease of operation without concern of disinfectant overdose, no on-
site smell, and no storage problem unlike that of chemical disinfectants. As a 
result, conventional treatment systems have been increasingly replaced by UV 
technologies in many disciplines (Shannon et al., 2008; White, 1993; Water 
and Wastewater Treatment, 2004; Masschelein, 2002; Lazarova et al., 1999). 
 
UV disinfection systems can be differentiated into (1) open-channel systems, 
and (2) closed channel systems (USEPA, 1999b). Open-channel flow systems 
utilize gravity flow while closed channel contact systems are pressurized. 
Open-channel systems are especially used in wastewater disinfection while 
closed channel systems are commonly used in drinking water disinfection. 
 
Closed channel systems include contact type UV reactor and non-contact type 
UV reactor. In contact type UV reactor, UV lamp is immersed in the water so 
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that microorganisms have the optimal chance to obtain optimal UV dose 
delivery. However, UV lamp fouling and aging problems occur more in 
contact type than in non-contact type. In contact type, lamp is easy to age and 
the lamp power output will attenuate as the lamp ages. Therefore, UV dose 
delivery is decreased. The microorganism will not get appropriate amount of 
UV dose delivery.  
 
The effectiveness of UV disinfection depends on the reactor configuration, 
UV lamp configuration and the hydraulic conditions (Kelly et al., 2004). 
Reactor inlet and outlet should be in parallel position or should be placed at 
edges of the reactor body to avoid dead zone and minimize the short circuiting 
by the flow (Karama et al., 1999; Brouckaert and Buckley, 1999; Wright and 
Hargreaves, 2001). Based on inlet and outlet positions in UV reactor, the 
reactor design is differentiated as S-type design and  90
o
 bend design – L 
shape (USEPA, 2006a).  
 
To effectively inactivate microorganisms or to ensure sufficient UV 
exposure/UV dose delivery, the UV lamp configuration is also an issue of 
concern. It has been reported that different UV lamps (low or medium) 
provide different UV doses and affect the microorganisms’ photo/DNA repair 
differently (Zimmer et al., 2003; Zimmer and Slawson, 2002; Oguma et al., 
2001). Using the low pressure UV lamp provides microorganism better chance 
to undergo DNA repair. However, they are subjected to more frequent fouling 
problems. Researchers have noted UV intensity attenuation and how the water 
quality affects the UV lamp sleeve fouling. Organic and inorganic fouling 
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could occur on the UV lamp sleeve because of oxidation/reduction. Although 
the use of low pressure monochromatic UV lamp (LP – 254nm) is more 
economical than medium pressure UV lamp (MP – 200 to 400 nm) based on 
the power input requirements, intensive maintenance is necessary for LP UV 
lamps due to more frequent fouling and difficulties in removing the foulant 
from LP UV lamps (Wait et al., 2007; Sheriff and Gehr, 2001; Sehnaoui and 
Gehr, 2001; Nessim and Gehr, 2006; Mahmoud and Ghaly, 2005; Song et al., 
2004). Conversely, MP UV lamps are often designed with internal whipers to 
provide automated cleaning of lamps from chemical foulants. However, this is 
not available for LP UV. Thus, some treatment plants have replaced LP with 
MP UV lamps for ease of operation. The UV lamp sleeve fouling tendencies 
should be reviewed for any UV-based treatment and UV integrated oxidation. 
 
UV exposure/UV dose delivery is affected by the flow rate of water through 
the UV system. A lower flow rate translates to longer residence time and thus, 
consumes more electricity (USEPA, 1999a). Conversely, at a higher flow rate, 
microorganisms leave the reactor quickly and are exposed to less UV radiation 
(i.e. lower contact time/UV dose). Microorganisms need higher UV power to 
be inactivated at higher flow rate. For the pressurized UV reactor, if the inlet 
and outlet diameter are smaller than that of a reactor body, the flow needs 
more pressure and there will be higher head losses (Kelly et al., 2005). In view 
of this, there is a need to study the variation of turbulent flow rates and 
corresponding disinfection efficiencies by changing the inlet and outlet 
diameters. Only an appropriate reactor design provides an adequate 
disinfection system with minimum energy consumption. On the other hand, if 
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the reactor has already been designed, there is a need to adjust the flow 
velocity to achieve a targeted UV dose and hence, disinfection efficiency 
based on the targeted microorganism. Different microorganisms require 
different level of UV dose. Thus, the selection of suitable flow velocity is one 
of the most important factors in employing the UV system.  
 
Several research studies have reported that the ultraviolet radiation 
successfully disinfects bacteria, virus, protozoa, yeast such as Saccharomyces 
cerevisiae and algae such as blue green. It was also observed that protozoans 
were the most sensitive and bacteria were less sensitive to UV treatment 
(Wright and Cairns, 1998; Malley, 2002). Moreover, viruses were found to be 
the most resistant to UV treatment and needed higher UV dose. 
 
Since UV disinfection does not provide residuals, some resistant virus or 
bacteria may undergo self repair if disinfection is carried out by UV alone 
(Zimmer et al., 2003; Zimmer and Slawson, 2002; Oguma et al., 2001). In 
view of this, the use of multi-barrier disinfection approach (integration of UV 
and oxidant) has become a necessary arrangement. Thus, more research works 
need to be conducted on UV and applying oxidant for disinfectant residual in 
order to optimize the disinfection performance and cost-effectiveness of this 
advanced technology for water treatment. 
  
2.3 UV based advanced oxidation disinfection  
Few research works have focused on the role of disinfection by employing UV 
based advanced oxidation process (UV/AOP) without considering degradation 
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of chemical contaminants at the same time. (Ahn et al., 2005; Mamane et al., 
2007; Alkan et al., 2007; Koivunen and Heinonen-Tanski, 2005; Jung et al., 
2008). The studies show the correlation between UV based advanced 
oxidation disinfection and UV pressure lamps, kind of oxidizer, oxidizer 
concentration, and type of microorganisms. 
  
Kruithof et al. (2003) studied primary disinfection and pesticide control for a 
water treatment plant. Their study focused on UV/H2O2 treatment which was 
compared with UV/O3 treatment. Three medium pressure UV reactors 
(Calgon, Berson, and Trojan) were used to determine UV doses for different 
microorganisms. A standard medium pressure in line Berson reactor was used 
to study the chemical degradation. For primary disinfection, six Priority 
microorganisms were used. They were E. coli, Faec. Strept., Spore , Viruses, 
Giardia and Cryptosporidium. They reported 2 to 3-log inactivation for 
Cryptosporidium and Giardia, 2.7-log for MS2 and 3.4 for Bacillius spores. E. 
coil and spores of Sulphite were completely inactivated. UV dose needed for 
disinfection varied from 20 mJ/cm
2
 to 105 mJ/cm
2
. Addition of oxidant to the 
UV disinfection may need to be explored to improve the log removal.  
 
Ahn et al. (2005) studied the removal of color, organics and coliforms with 
UV/H2O2 treatment for wastewater reclamation and reuse using LP UV lamps. 
With single UV radiation, the coliforms were effectively inactivated but the 
color still remained after 30 min of UV contact time. Color and dissolved 
organic matter were only removed when H2O2 was added during 30 min of 
UV exposure time. The H2O2 dose first applied was 25 mg/L and the color 
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was completely removed when dosage applied was increased to 50 mg/L. E. 
coli was completely inactivated before any oxidant was added to remove the 
color. It is noted that a separate reactor to disinfect the E. coli was not 
necessary. Alkan, et al. (2007) found that the inactivation of E. coli in humic 
water was doubled with the addition of oxidant at 3 mg/L. The oxidant dose 
used by Mamane, et al. (2007) was 50 mg/L. Most of the contaminant could 
be degraded with low hydrogen peroxide dose in UV/AOP treatment (Paradis, 
2006). The amount of H2O2 of less than 20 mg/L was applied with UV light to 
remove taste and odour compounds. Color seemed to be more resistant to 
UV/H2O2 than taste and odour compounds and much higher dose of oxidant 
was necessary. E. coli was very sensitive to UV/H2O2. Disinfection was an 
additional benefit for the wastewater color removal.  
 
Mamane et al. (2007) studied microbial and viral inactivation in phosphate 
buffer solution with UV/H2O2 treatment where UV wavelength was filtered 
into 295nm. The microorganisms chosen in their study were Bacillus subtilis, 
E.coli, and bacteriophages MS2, T4, T7, Two doses of 5 mg/L and 10 mg/L 
H2O2 were studied. The study showed that Virus T4 and E. Coli were sensitive 
to UV while MS2 was very resistant to UV in the absence of H2O2. In 
addition, no disinfection was shown for MS2 after applying the UV 
wavelength above 295nm. This was because the applied UV wavelength 295 
nm was too low as MS2 needed higher UV dose than E. coli (Malley, 2002). 
However, in the presence of H2O2, there was no additional disinfection 
observed for virus T4 with a reaction time longer than 15 min. In contrast, one 
additional log removal was observed for E. coli and T7 and additional 2.5-log 
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removal was achieved for MS2. B. subtilis spores showed no inactivation 
result with or without H2O2 in the presence of UV. It can be said that MS2 was 
more sensitive to UV/H2O2 than UV alone. This observation suggested that the 
degradation of organic contaminants enhanced the UV inactivation efficiency. 
The total residence time to complete the treatment process was 15 min in their 
study. However, the residence time in a flow through reactor is only a few 
seconds as the particle moves quickly with the flow (Danckwerts, 1995). The 
residence time depends on the reactor design. Thus, there is a need to study 
whether microorganisms have enough exposure time with UV energy in a 
continuous flow reactor. Different UV reactors have different residence time 
and thus, provide different UV doses. Different microorganisms needs 
different UV dose. It is challenging for different microorganisms to get proper 
UV dose at once. It is also a critical condition for microorganisms when UV 
reactor design or the flow rate applies is different.  
 
Alkan et al. (2007) studied the efficiency of a UV/H2O2 process for the 
removal of total coliforms in humic surface water. Various water samples 
containing concentration of dissolved organic carbon (DOC) of fluvic acid 
ranging from 0–10 mg/L were used. The UV dose investigated ranged from 68 
to 681 mWs/cm
2
 and two dosages of hydrogen peroxide selected by Alkan et 
al., (2007) were 0.125 mg/L and 3.0 mg/L. Disinfection efficiencies of UV 
alone, UV with 0.125 mg/L H2O2, and UV with 3.0 mg/L H2O2 were 
compared. The results showed that the total coliform bacteria inactivation 
performance was almost doubled by the addition of 3 mg/L of H2O2 compared 
with the addition of 0.125 mg/L H2O2.  The study showed that bacteria were 
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completely inactivated and there was no bacterial regrowth observed in both 
treatments.  In their UV study, disinfection was correlated with the additional 
oxidant. E coli bacteria seemed to be very sensitive to UV in wastewater than 
that in humic water to deal with UV/H2O2 treatment. It is concluded that 
different types of microorganisms have different resistances to AOP process 
based on different water sources. This observation suggests that there is a 
merit to further study applications of UV/H2O2 process for treating humic 
surface water including both virus and bacteria experimentally and/or 
numerically to identify the humic sensitive microorganisms. 
 
Koivunen and Heinonen-Tanski (2005) found that UV/H2O2 treatments 
experimentally showed no synergies on the removal of E.coli, Enterococcus 
faecalis, Salmonella enteritidis and coliphage MS2 virus. To evaluate the 
synergistic effect, the treatments of combined UV and peracetic acid 
(UV/PAA), UV/H2O2, PAA, chlorine, UV and H2O2 were compared with 
respect to disinfection efficiency. With 10 min contact time, a peracetic acid 
dose of 3 mg/L provided 2 to 3-log enteric bacterial reduction while 7–
15 mg/L PAA achieved 1 to 1.5-log coliphage MS2 reductions. It was also 
noted that dosages of 3–150 mg/L hydrogen peroxide could only achieve less 
than 0.2-log microbial reductions. Chlorine treatments with 18 mg/L chlorine 
dose achieved 0.3 to 1-log microbial reduction whereas 2.6-log reduction of E. 
faecalis was achieved with a 12 mg/L chlorine dose. This finding indicated 
that UV/PAA was a good alternative to UV/chlorine for the enteric 
microorganism inactivation except for MS2 in this wastewater treatment 
which contained easily oxidizable organic matter. UV/PAA showed lower 
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synergy for MS2 coliphage compared with other bacteria used in this study. 
However, H2O2 and H2O2/UV showed no synergy at all for E.coil and 
S.enteritidis bacteria in treating the wastewater. It seems that those viruses 
were more sensitive to UV/PAA treatment compared with H2O2 or H2O2/UV 
treatments. Thus, more UV AOP treatment should be explored to investigate 
the virus and bacteria resistant conditions. 
 
Jung et al. (2008) used terbutyl alcohol to study the synergistic effect of 
sequential and combined use of ozone and UV process to remove the Bacillus 
subtilis spores. They applied UV alone, ozone alone, sequential ozone-UV, 
UV-ozone and combined UV and ozone at pH 7 and 20
o
C and terbutyl alcohol 
was added to evaluate the hydroxyl radical scavenger effect on the combined 
UV and ozone. Among the five candidate processes, the combined process in 
the absence of terbutyl alcohol produced the greatest synergistic effect on 
microorganism inactivation. It was found that the microorganisms seemed to 
be more readily inactivated in alcoholic solution. In AOP process, ozone 
produces bromide as DBPs and H2O2 produces hydroxyl radicals more than 
ozone does. Therefore, the sequential study can be explored with UV/H2O2 
process for drinking water treatment.  
 
Parsons (2004) suggested that H2O2 dose must be thoroughly mixed before it 
was conveyed to the UV reactor. It is well known that H2O2 alone takes 
considerable reaction time. As Parons (2004) suggested H2O2 was premixed. 
There are two mixing options. The first option is to provide enough H2O2 
mixing time and the second option is to provide H2O2 long mixing time for 
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enough reaction to take place before it is conveyed to the UV reactor. The 
results of these two options with respect to fouling, inactivation and 
degradation efficiencies should be compared in order to have a better 
understanding concerning their performance characteristics. 
 
Finally, there is a need for determining the efficiency of alternative UV/AOP 
treatments due to persistent microorganisms. The UV/AOP should be 
employed for both disinfection and degradation. In a flow through reactor, the 
flow condition applied is in steady state and the residence time for 
microorganism is very short. The residence time realates the flow rate and 
reactor configuration as mentioned in the previous session. UV dose received 
by the microorganism will be lower when the flow is turbulent. This is 
because when the flow is turbulent, H2O2 oxidation by the UV exposure could 
be reduced despite the oxidant mixing condition could be improved.  
 
There was a project announced at IUVA 5
th
 World Congress on 21- 23
rd
 
September, 2009. This project employed the AOPs for both disinfection and 
oxidation treatment goals to study experimentally but sequentially. This 
project did not involve with modeling effort. There was also another project 
announced in a workshop on 1
st
 October, 2009 concerning the combined UV 
disinfection and decontamination. The research works were carried out 
experimentally and modeling efforts were used to determine the design 
parameters for the UV/AOP microbial and chemical decontamination. The 
study included the degradation of DOC (dissolved organic carbon) but did not 
involve chemical contaminants such as emerging contaminants that are 
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challenging in today water treatment. This project can be further improved by 
applying the emerging contaminants with DOC for the combined UV/AOP 
microbial and chemical decontamination.  
 
2.4 UV initiated advanced oxidation process (UV/AOP) 
Conventional oxidation treatment uses a single oxidant to oxidize targeted 
chemical contaminant. It needs a high chemical oxidant dose to completely 
degrade the targeted chemical contaminant. When two oxidants are used 
together, the addition of two oxidants together could provide a synergistic 
effect that would accelerate the destruction rate and enhance the 
oxidation/reduction process. However, the advanced oxidation process (using 
two oxidizers) has difficulty to remove emerging synthetic contaminants. It 
has been found that the combination of UV light with an oxidant used in 
conventional treatment could remove organic contaminants. It has also  
demonstrated that UVC based AOP treatment could remove low levels of 
organic micro pollutants such as N-nitrosodimethylamine (NDMA), geosmin 
and MIB, atrazine present in water (Vogna et al., 2004; Beltrán et al., 1994; 
Lem and Eng, 2003; Oh et al., 2006; Paradis, 2006; Burbano et al., 2008; 
Yang et al., 2007). The UV/AOP produces less DBPs and can effectively 
destroy the organic micro-pollutants compared with conventional treatment 
process (Crittenden et al., 2005).  
 
In advanced oxidation process (AOP), the organic compounds are converted 
into carbon dioxide and mineral acids by oxidizing or reducing these chemical 
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contaminant compounds at the ambient temperature and pressure (Crittenden 
et al., 2005). 
Organic pollutant  Aldehydes  Carboxylic acids  Carbon dioxide and 
mineral acids                                                                                                     
(2.1) 
Mineral acids and carbon dioxide are the final products and carboxylic acids 
and aldehydes are the by-products of the advanced oxidation process (Eq 2.1). 
In order to eliminate the by-products, it needs adequate reaction time. 
Therefore, AOP treatments still need to be innovated to overcome 
intermediate products or by-products.   
 
The commonly used AOP processes are (1) UV/H2O2, (2) UV/Ozone, (3) 
UV/Titanium Dioxide, and (4) Fenton’s Reagent (Crittenden et al., 2005; Suty 
et al., 2004; Hahn et al., 2002; Hong, 2007; Acero et al., 2001). The 
H2O2/Fe
2+ 
(Fenton) oxidation process is the first developed AOP process and 
used to remove large amount of COD in wastewater. To treat the wastewater, 
Fenton process requires less energy cost (70% can be reduced) compared with 
UV/H2O2 process (Ghaly et al., 2001; Riga et al., 2007; Maillard et al., 1992). 
Free cyanide and some metallic complex cyanide could be removed by the 
combination of 2AOPs, namely NaClO and H2O2, but some of the cyanide 
species were resistant to these 2AOPs (Suty et al., 2004). Therefore, UV/H2O2 
process is preferable to remove the resistant species for water treatment 
compared with Fenton process. 
 
The O3/H2O2 and UV/H2O2 processes were developed in the 1990s especially 
to remove TCE and PCE in ground water. The O3/H2O2 process can destroy 
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volatile organic compounds (VOCs) more efficiently than using O3 alone. 
However, O3/H2O2 is less effective for the inactivation of E. coli with 
increasing in peroxide to ozone ratio (USEPA, 1999a). In addition, the 
processes of UV/O3 and O3/H2O2 produced large amount of DBPs compared 
with UV/H2O2 AOP. The AOP publication study showed that UV/O3 AOP 
was commonly used for water treatment compared with UV/H2O2 AOP during 
1990 to 2000 (Suty et al., 2004).  
 
There is a persulfate emerging technology to degrade chlorinated and non 
chlorinated compounds. When oxidizers such as hydrogen peroxide and 
sodium persulfate are exposed to UV radiation, the former dissociates to form 
hydroxyl radicals (OH•) whereas the latter dissociates to form sulphate 
radicals (SO4
-•
) as shown in Eq.2.2 and 2.3. Both radicals have high oxidation 
potentials of 2.7V and 2.6V, respectively. The sulphate radical is more stable 
in the reaction process than the hydroxyl radical because the former has a 
lower oxidation potential. Hence, persulfate is able to last longer to react with 
recalcitrant compounds present in the treated water. When exposed to UV 
light, the persulfate ions are dissociated into persulfate radicals as follow:  
   with E = 2.7V                          
(2.2) 
  with E = 2.6 V   (2.3) 
The latter process seems slower than the first process. However, the slow rate 
appears to stabilize the process and helps to degrade more recalcitrant 
compounds. The OH radical process is slightly different from SO4 radical 








reaction steps. The SO4 radical reaction is more sensitive to its concentration 
as well as the pH of the water.  
 
In order to effectively oxidize, the pH value plays an important role in 
oxidizing treatment.  There is a correlation between pH and the oxidizer 
chosen for the AOP treatment. Ammonium persulfate oxidizer has better 
photoelectrocatalytic degradation efficiency in removal of Ponceau 6R dye 
than hydrogen peroxide oxidizer (Devi and Rajashekhar, 2010; El-Zomrawy, 
2011). El-Zomrawy (2011) showed that the effective degradation of the 
Ponceau 6R dye took place at low pH 2.0 and when the dye concentration was 
increased from 1.0 to 4.0 mM. The studies showed that the mole ratio of 
contaminant to persulfate was important to achieve complete contaminant 
degradation. Devi and Rajashekhar (2010) showed the highest decolorization 
of Azo dye and Direct Red16 occurred at pH 9.4 and 6, respectively. The 
effective degradation also occurred when favorable pH condition was 
provided. It could be due to the fact that persulfate process generates more OH
 





help quickly degrade the contaminants. This multi-radical attack study 
provides an innovative way to degrade emerging contaminants. Thus, it is 
desirable to conduct further study on persulfate and its multi radical attack as 
it could potentially provide an alternative method for drinking water treatment.  
  
One of the studies showed no decolorizartion of dye Dr 16 at acidic condition 
for UV/S2O8
2-
 AOP while Fe
2+
/H2O2 AOP process provided the highest 







] was applied, the most efficient degradation of Dr16 was 
observed. In this case, pH 7 was preferred for degradation of Azo dye (Saien et 
al, 2011).  It took 30 mins to degrade 100% of Azo dye. Raharinirina et al. 
(2011) reported the removal of Congo Dye from wastewater by using 
UV/H2O2 and UV/S2O8
2-
 processes. All of the studies showed that UV/S2O8
2-
 
process was an effective process compared with Fenton process or UV/H2O2 
process and the process depends on the structure of the targeted dye, 
concentration of the oxidizers, and the pH within the reactor. 
 
Yoon et al. (2011) compared the UV/H2O2 and the UV/S2O8
2-
 to remove BPA. 
The concentrations of BPA applied were 10, 20 and 40 uM. The oxidizer 
concentrations were 0.5 mM and 2 mM. More BPA oxidizing was mostly 
occurred at alkaline pH. Block et al (2004) found that persulfate is highly 
oxidative at pH lower than 3 and at pH higher than 10. However, intermediate 
products by the persulfate process were not investigated in their study.   
 
There are three kinds of persulfates such as sodium persulfate, potassium 
persulfate and ammonium persulfate. Potassium persulfate was observed to be 
an effective disinfectant for Norwalk virus (Saien et al., 2011). A review of 
literature reveals that no study has reported the detailed relationship between 
the disinfection and each persulfate. Among these three persulfates, potassium 
persulfate degraded acetic acid better than H2O2 under UV treatment (Criquet 
and Leitner, 2009). Criquet and Leitner (2009) showed that the presence of Cl
-
 
ion in the UV/K2S2O8 process enhanced the acetate removal. However, this 
finding is questionable for the UV/Na2S2O8 process and the UV/H2O2 process 
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because the presence of background ions normally decelerates the oxidation 





) in removing phenol by applying the UV/N2S2O8 process and electron 
beam. The persulfate studies applied batch reactors and no study has been 
reported for applying flow through reactor.  
 
The combination of both peroxide radical and sulphate radical has multi-
radical attacks and may provide synergistic effects on degradation of 
contaminants. This combination has not been studied for drinking water 
treatment. The mechanism of the multi radical attacks is very complicated 
because of the competing process of scavenging, redox mechanisms of the 
oxidizers (H2O2 and S2O8
2-) and radicals (OH• and SO4
•-
). Due to the greater 
stability of the sulphate radicals, it regards that the hydroxyl radicals degrade a 
significant percentage of the more susceptible persistence compounds while 
the sulphate radicals react on the rest recalcitrant ones.  
 
2.5 Emerging contaminant Bisphenol A and UV/AOP 
There are emerging contaminants such as Endocrine Disruption Compounds 
(EDCs) and Pharmaceuticals and Personal Care Products (PPCPs) present 
during treatment of drinking water (Burns, 2009). The emerging contaminants 
present in very low amount but they are difficult to be removed by 
conventional method. Among these emerging contaminants, BisphenolA 
(BPA) is classified as EDC. The BPA affects hormone levels, and causes brain 




Several researchers have evaluated various AOP processes in removing BPA 
such as the O3-UV and the UV/O3/H2O2 (Xu et al., 2007; Rosal et al., 2009; 
Popiel et al., 2008; Kusakabe et al., 1991; Mokrini et al., 1997). Among the 
AOP processes, the UV/O3 was the best alternative to degrade BPA because of 
the rich oxygen to oxidize the contaminants. However, owing to the bromite 
by-products associated with O3 process, the UV/O3 AOP has been avoided for 
drinking water treatment. The next alternative technology to the UV/O3 AOP 
to degrade BPA emerging contaminant is the UV/H2O2 AOP. The UV/H2O2 
process provides the highest amount of powerful hydroxyl radicals that could 
effectively degrade BPA (Crittenden et al., 2005).  
 
A study reported that applying the UV/H2O2/S2O8
2- 
gave higher degradation of 
iopromide than that of the UV/H2O2 and the UV/S2O8
2-
 (Chu et al., 2011). 
Thus, conducting kinetic study by combining two oxidizers for degrading 
organic contaminant BPA would be recommended for drinking water 
treatment. The effectiveness of multi radical attack (UV/H2O2+S2O8
2-
) was 
absolutely limited in research studies. Recently, an experimental study has 
shown that the persulfate radical generated from the UV/Na2S2O8 AOP could 
effectively degraded BPA in 10 mins (Yoon et al., 2011). The UV/Na2S2O8 
AOP was compared with the UV/H2O2 AOP. This study paved the way for a 
better alternative persulfate treatment to degrade BPA. However, the study was 
limited to the by-products generated by BPA removal process. Among by-
products, formaldehyde and acetone are produced as intermediate products 
during BPA  mineralization process (Poerschmann et al., 2010). Not only BPA 
but also BPA by-products are the concerns of public health. 
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2.6 Computational Fluid Dynamic Tool (CFD) for UV based drinking 
water treatment  
CFD tools have helped engineers and researchers to make significant progress 
in many disciplines. This statement is also true, in general, for researchers in 
civil and environmental engineering discipline and in particular for those in 
water and wastewater areas (Greene et al., 2004; Guimet et al., 2004; Goula, 
2007; Janex et al., 1998). Design and research engineers in water and 
wastewater disciplines have used computer modeling and simulation tools to 
better understand their systems and design more effective and efficient 
systems and processes (Fig 2.2).  
 
Fig 2.2  Example of a wastewater treatment plant (www.fluent.com) 
 
Thus, it is useful to take advantage of available modeling and simulation tools 
using powerful computers for UV reactor performance and its disinfection. 
Computational Fluid Dynamics (CFD) software is used to calculate flow 
parameters for fluids, design and simulation of fluidics (Karama et al., 1999; 
Orava, 2007; Stamou, 2008). CFD tool uses Navier-Stokes equations with 
differential notions that govern the motion of the fluids (Fluent manual Guide, 
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2009). The finite volume method used in CFD calculates fluid dynamics by 
solving the differential equations using variables averaged across the volume 
of a fluid. 
 
In UV disinfection design, microorganisms pass through the UV radiation 
field for a sufficient period of time to dimerize their DNA and UV dose are 
accumulated. CFD technique coupled with irradiance modeling can track the 
trajectories of thousands of individual fluid particle; calculate their detailed 
movements with respect to time and the resultant UV intensity. For the UV 
treatment, the water needs to be relatively clean to avoid blocking the UV 
light. It has been known that CFD has been able to successfully evaluate the 
effectiveness of UV disinfection treatment with respect to UV reactor design. 
 
In a flow through UV reactor, flow velocity is the main concern of the whole 
UV process if the size of the reactor and its design has been predefined. The 
flow pattern is affected by the rector shape. Particles are moving along with 
the flow and follow the flow pattern. The varying flow velocity changes the 
fluid particle’s residence time and will make the fluid particles experience 
more or less UV exposure.  
 
CFD tool has Phoenix solver and fluent solver. The solver supported by the 
National University of Singapore (NUS) is CFD based fluent solver. Fluent 
solver has only Discrete Ordinate model (DO) to simulate the UV fluence rate 
while there are seven fluence rate distribution models including DO model in 
Phoenix solver (Gatski, 1996; Fluent manual Guide, 2009; Liu, 2004; Wilcox, 
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1998b). Many studies have compared and evaluated the fluence rate models to 
each other. Each fluence rate model has pros and cons based on the parameters 
such as UV lamp configuration, UV reactor configuration and the flow rate. 
For the flow field, there are six turbulent models and all of them have been 
evaluated by Liang (2006). Among turbulent models, the standard k-ε 
turbulent model is commonly used. For the particle tracking, researchers have 
found that Lagraingian model is suitable to track the microorganisms while 
Eulerian model is used to track chemical particles. Some researchers found 
that each model can be used for both purposes (Sozzi and Taghipour, 2006; 
Alpert, 2011; Ducoste et al., 2005; Elyasi and Taghipour, 2006). Various 
design parameter have been simulated to improve UV disinfection (Fig 2.3 to 
Fig 2.6). However, there are some roles such as baffle design to improve UV 
reactor by using CFD tool. 
 
Fig 2.3 Schematic of Hydraulic Option #1(90
o
-Bend, S-Bend) and inlet piping 





Fig 2.4 The different configurations of inlet/outlet position to eliminate dead 





Fig 2.5  (a) Velocity profile and flow path lines in parallel flow UV reactors; 
(b) Velocity profile and UV dose distribution in cross flow UV reactors with 




Fig 2.6 Flat end sleeve and hemispherical end sleeve (Tangipour, 2006) 
 
One research work (Pan and Orava, 2007) evaluated all kinds of commercial 
UV disinfection reactors and their efficiencies by using CFD. In UV 
disinfection Guidance manual, the inlet and outlet piping conditions to the UV 
reactor were validated by using CFD modeling. This manual recommends to 
position of inlet/outlet pipe at a minimum distance equal to five times of the 
diameter of the straight pipe upstream of UV reactor (Fig 2.3). However, it 
does not mention the detailed position of the inlet/outlet to eliminate dead 
zone and the relationship between inlet/outlet diameter and reactor body.  
 
When UV light propagates, the phenomena of absorption, reflection, refraction 
and scattering will be encountered between the emitted UV light and the 
media that the light passes through (Fluent manual Guide, 2009). Among these 
phenomena, absorption or UV transmittance (UVT) depends on the water 
matrix and the incident light on the particle.  Microorganisms will not obtain 
UV light if the light is completely absorbed by the fluid. The phenomena of 
reflection, refraction and scattering do not consume the UV light. They change 
the direction of UV light instead and microorganisms could still obtain the 
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light under these phenomena. The nature of water matrix that directly relates 
to the absorbance of the UVT plays an important role in determining the UV 
disinfection performance. Thus, the sensitivity of the water matrix on UVT 
should be established for the UV/AOP treatment. 
 
Another factor that affects the UV light attenuation is the concentration and 
size of the particles involved in disinfection because they may vary over time 
seasonally or spontaneously such as storm event especially for surface water. 
The characteristics of the particles depend on the upstream process such as 
coagulation, flocculation or sedimentation (USEPA, 2006a; Crittenden et al., 
2005). The upstream processes can change the quality and the quantity of the 
particles. Reducing the number or size of particles will enhance the UV 
disinfection performance in the downstream because UVT will be increased. 
There has been little study on the correlation between the concentration and 
the size of the microorganisms and the UV/AOP performance. Thus, there is a 
knowledge gap that merits further study. As the integration of UV with 
oxidant has some synergistic effect on the disinfection performance, the 
UV/AOP performance should also be evaluated based on the particle content.  
 
The use of oxidant in the upstream process affects the UV disinfection 
treatment in the downstream. Some residual of oxidants that used in the 
upstream can scavenge the UV light and reduce the UVT. Applying ozone 
prior to UV treatment increases UVT in Cryptosporidium inactivation (Malley 
et al., 2003; Mofidi et al., 2001; Betancourt and Rose, 2004a; Crozes et al., 
2003). Ozone residual produced by the upstream process degrades the 
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constituents and increases the UV transmittance in the downstream UV 
treatment (Drinan and Whiting, 2000; USEPA, 2006a). The use of chlorine in 
the upstream creates more fouling in the downstream UV treatment. Moving 
the point of chlorine dosing to after the UV facility reduces the fouling of the 
UV lamp sleeve (USEPA, 2004; Bachmann et al., 2005; Ballester and Malley, 
2004). Owing to the findings of the consequences of the upstream treatment, 
researchers have been studying synergistic effects based on the various 
oxidants to improve the water treatment system (Lotierzo et al., 2003; Shang 
et al., 2007; Rennecker et al., 1999; Bolton et al., 2001). Therefore, sequential 
use of oxidants that enhance the disinfection performance has been an 
interesting issue in drinking water treatment. However, there is a shortcoming 
to study the upstream effect on the downstream contaminant degradation 
including the microorganism removal and fouling problem when UV 
integrated oxidation process is applied in the downstream. As higher UV dose 
is required to disinfect the virus, using UV alone is not an efficient treatment 
practice (Chevrefils et al., 2006; Snicer, 1999; Hijnen et al., 2006; Gerba et 
al., 2002). Integrating oxidants with UV could provide more effective 
treatment. Therefore, the feasible consequences before and after using 
UV/AOP process should be considered to enhance and sustain the water 
treatment process.  
 
There are various components included in the UV disinfection equipment 
(USEPA, 1999b). The installation of the UV disinfection equipment will affect 
the evaluation of the UV disinfection performance. Although the light is fully 
emitted, the actual delivered UV dose cannot be measured properly unless the 
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components such as sensors are placed correctly. It is important to have a clear 
understanding dealing with the UV equipment. Otherwise, the evaluation of 
the UV process will be under- or over-estimated. 
 
Various flow rates need to be analyzed to determine the disinfection 
performance as well as the reactor performance. Moreover, the thickness of 
water layer and the direction of its flow with respect to the UV lamp direction 
need to be designed well. Lamp sleeve can be damaged by bending stress 
caused by higher flow and it can be damaged by heat caused by low flow 
condition (USEPA, 2006a). Thus, design criteria of UV reactor, related flow, 
water quality (UVT and fouling), lamp aging and power quality should be 
carefully selected and needs to meet the requirement of the rules and 
regulations. 
 
UV lamp aging phenomenon is a necessary issue to be considered in UV light 
process. UV dose delivery over time is decreased as the lamp ages because of 
fouling (Nessim and Gehr, 2006). As long as iron and manganese are present 
in water, fouling will occur (Sehnaoui and Gehr, 2001). The use of acid to 
clean the foulant is risky for the product water (Malley, 2002). Further study is 
still needed to understand more on the fouling problem, lamp aging 
phenomenon and the effectiveness of the cleaning system to sustain the 
disinfection performance. Lamp aging problem may not be uniform (USEPA, 
2006). There is a suggestion to employ a stochastic model (e.g. Neural 
Network) to analyze and predict the UV lamp age and fouling phenomenon if 
UV sensors can provide time series data of the process situation such as the 
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concentration of the constituents in the water (Lyn et al., 1999). This modeling 
study will fill the gap between the physical condition of UV lamp and the 
chemical process of fouling. 
 
Some reactors applied in full-scale applications are like large pipes. Dead zone 
may not be present there. Wright and Hargreaves (2001) found out how to 
eliminate the dead zone in the reactor by simulating the inlet/outlet position 
(Fig 2.4). Tangipour (2004) reported inlet/outlet position from different point 
of view from that reported by Wright and Hargreaves (2001). Tanghipour 
changed the shape of the inlet/outlet position (Fig 2.5 a and b) and reported 
about the study of flat end sleeve and hemispherical-end sleeve in 2006 (Fig 
2.6). All of these studies demonstrated that CFD can be effectively used for 
improving the reactor design and UV system. However, there is still a research 
need to study the correlation of the inlet/outlet diameter and the reactor 
diameter. CFD tool can be employed to study this correlation. If the 
inlet/outlet diameter is too small compared with the reactor body diameter, 
jetting or swirling flow will impact the hydraulic condition and can also 
damage the UV lamp (USEPA, 2006a).  
 
Angelo Sozzi (2005) employed CFD tool and Particle Image velocity (PIV) 
equipment.  The UV rector hydrodynamics were visualized by PIV while MS2 
disinfection was investigated. The study also compared two turbulent models 
(k-e turbulence model and RSM-model) and two particle tracking models 
(Eulerian model and Lagrangian model) by applying L-shape, U-shape and 
industrial prototype (L-shape) reactors. The disinfection modeling 
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underestimated at some flow rates. Siamak Elayasi (2009) also used PIV to 
enhance the UV reactor operation and compared it with CFD. In these studies, 
PIV was applied to visualize the flow pattern produced by PIV and validate 
the flow pattern from CFD model. CFD result showed agreement with PIV 
result in term of flow pattern. Thus, CFD is a reliable tool to solve fluid 
problems.  
 
Alpert (2011) evaluated Computational Fluid Dynamics (CFD) for non-ideal 
fluence rate and reactor hydraulic conditions by simulating UV/H2O2 process. 
The target contaminants were methylence blue and sulfamethoxazole 
compounds. The study investigated the oxidation of the targeted contaminants 
but it did not consider the products of the targeted compounds. The above 
CFD studies paved the way for the radical process. The study also highlighted 
the need to investigate disinfection process in the present of the targeted 
contaminants. The radical modeling study with CFD tool is still limited in 
terms of background contaminants, emerging contaminants, by products and 
oxidizers.  
 
There are some related factors need to be considered to optimize the UV/AOP 
treatment. The effectiveness of the UV/AOP treatment depends on the UV 
light exposure time and oxidant dose (Vogna et al., 2004; Shao, 2007; 
Taghipour et al., 2004; Savoye et al., 2001; Centeno et al., 2005; Bolton, 
2003). Oxidant dose is mainly dependent on target compounds, target 
microorganisms, and hydrodynamic characteristics. Researchers have 
successfully demonstrated the dependence of the above factors on microbial 
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removal, chemical contaminant removal and resulting sequential removals. 
Among these factors, it is found that UV exposure time and oxidant dose 
usually depend on hydrodynamics characteristics. There is, therefore, a need 
to determine the suitable flow rate and oxidant dose that minimize the energy 
consumption and maximize the removal efficiency for simultaneous removals.   
 
All CFD studies were limited to either disinfection or contaminant oxidation 
with UV/H2O2 or UV/O3. There is a need to try new oxidizers, alternative 
treatment process and their competition radical process such as OH radical and 
SO4 radical that exhibits similar oxidation potential. In addition, there is no 
modeling study on the simultaneous processes of the UV/AOP disinfection, 
contaminant degradation and by-product formed by the technology. When UV 
is combined with oxidant, these simultaneous processes happened. Employing 
CFD tool is a feasible option to study the simultaneous removals as well as the 







3 MATERIALS AND METHODS 
 
The study of UV based advanced oxidation modeling process for oxidation 
and disinfection was organized into four phases. In Phase I, a flow through 
UV disinfection reactor was developed in CFD environment and MS2 log 
inactivation was validated. Before developing oxidation models of Phases II, 
III and IV, kinetics of the Bisphenol A degradation for Phases II, III, and IV 
were determined in advance. The UV disinfection reactor model developed in 
Phase I was employed for all oxidative models to analyze the respective 
disinfection efficiency of all oxidative models studied. The UV/H2O2 
oxidative model was developed in Phase II. To compare with the UV/H2O2, 
the alternative new treatment UV/S2O8
2-
 oxidative model was developed in 
Phase III and the new approach UV/H2O2+S2O8
2-
 oxidative model for water 
treatment was developed in Phase IV. 
 
The flow through UV reactor shown in Fig 3.1 was validated using MS2 
bacteriophages in Phase I–UV/CFD/MS2 disinfection and also used for the 
evaluation of BPA removal and the AOP disinfection efficiencies. The flow 
through UV reactor was typically applied in actual water treatment systems 
where such continuous flow rather than batch systems are adopted. By using a 
flow through UV reactor for CFD modeling at various flow rates, actual 
situations on water treatment can be more accurately modeled. The 
experimental set up system was shown in Fig 3.2. Various flow rates were 
applied through the UV reactor by adjusting the flow meter to achieve the 





Fig 3.1  Flow through UV disinfection reactor (also used for CFD/UV/AOP) 
 
 





3.1 Development of CFD/UV/MS2 disinfection model (Phase I) 
Ultraviolet disinfection reactor was developed in Fluent environment using 
CFD tool. Fluent is a tool to simulate fluid flow problems supported by 
computational fluid dynamics (CFD) software package. It uses the finite-
volume method to solve the governing equations for a fluid (Manual Guide, 
2009). It provides the capability to use different physical models such as 
incompressible or compressible, inviscid or viscous, laminar or turbulent, etc. 
Geometry and grid generation are done using GAMBIT environment which is 
the preprocessor bundled with FLUENT. 
 
3.1.1 Governing Equations 
The equation of fluid dynamics follows the conservation of mass, conservation 
of momentum, and conservation of energy. For an incompressible flow, the 















u zyx  
(3.1) 
where ux, uy, and uz are the velocity components in the x, y, and z directions, 
respectively. The conservation of momentum equations for turbulent flow are 
expressed for incompressible flow and no free surface (no gravity term) as the 







































where ρ is the fluid density, 
iU  is the average velocity in the i-th direction, t is 
time, p is the average pressure, μ is the absolute viscosity, and u is the 
fluctuating component of velocity in the i-th direction.  
 
The first two terms on the left-hand-side of equation (3.2) represent the local 
acceleration and the non-linear convective acceleration, respectively. The next 
three terms on the right-hand-side represent the pressure gradients, the viscous 
forces, and the derivatives of the Reynolds stresses between fluctuating 
velocity components for turbulence, respectively.  
 
Broadly, the strategy of CFD is to replace the continuous problem domain 
with a discrete domain using a grid. In the continuous domain, each flow 
variable is defined at every point in the domain. In CFD solution, one would 
directly solve the relevant flow variables only at the grid points. The values at 
other locations are determined by interpolating the values at the grid points. In 
the finite-volume method, the grid point is commonly referred to a “node” and 
the cells are usually hexahedral, tetrahedral or prism in shape. Turbulent flow 
model, fluence rate model and particle tracking model are major models 
available in CFD model. 
 
3.1.1.1 Turbulent model  
In Fluent software, turbulent models available are k-ε (2-equation model) 
standard, Renormalization Group (RNG) and Realizable models.  The 
standard k-ε model is a semi-empirical model based on model transport 
equations for the turbulent kinetic energy (k) and its dissipation rate (ε).  The 
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k-ε two-equation model was proposed by Launder and Sharma (1974) to solve 














































































































   
(3.6) 
The turbulent length scale   is equal to 0.07L (L is the diameter of the pipe).  
 
There are three flow types (Manual Guide, 2009). 
1) For fully developed internal flows, the intensity and Hydraulic Diameter 
specification method is chosen and the hydraulic diameter L = DH in the 
Hydraulic Diameter field is specified. 
2) For flow downstream of turning vanes and perforated plates, the intensity 
and hydraulic diameter method is chosen. The characteristic length of the flow 
opening for  is specified in the Hydraulic Diameter field.  
3) For wall-bounded flows, the Intensity and Length scale method is used.  
 
 The relationship between the turbulent kinetic energy, k, and turbulent 























avgu  is the mean flow velocity, Re is Reynolds number, and D is hydraulic 
diameter of inlet. If the turbulence length scale,  , is known, ε can be 
determined from the following relationship.  

2/3
4/3 kCu  
(3.10) 
 
The value of ε can be obtained from the turbulent viscosity ratio uut / and k 













C tu  
(3.11) 
where Cε1= 1.44, Cε2 =1.92, Cμ=0.09, σk = 1.0, σε =1.3 
 
3.1.1.2 Discrete Ordinate fluence radiation model (DO model) 
DO model considers the optical thickness, and allows the solutions of 
radiation at semi-transparent wall. However, solving a problem with a finer 
discretization is computational intensive. Non-gray model assumes a constant 
absorption coefficient in each band (wavelength). The non-gray 
implementation divides the radiation spectrum into N wavelength bands. In 
the radiation model, uncouple method is sequential in nature, uses finite-
volume scheme, extend to unstructured mesh and solves energy and radiation 
intensities one by one. The couple ordinate method, on the other hand, solves 
the discrete energy and intensity equations at each cell simultaneously. The 
49 
 
DO model considers the Radiative Transfer Equation (RTE) in the position r

 
and in the direction s

. The RTE for the spectral intensity ),( srI


can be written 
as: 














where is the wavelength, 
a is the spectral absorption coefficient, and bI is 
the black body intensity given by the Plank function. 
 
The scattering coefficient, the scattering phase function, and the refractive 
index n are assumed to be independent of wavelength. The total intensity 
),( srI

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 (3.13) 
where the summation is over the wavelength bands. 
 
For non-gray radiation, semi-transparent wall boundary conditions are applied 
on a per-band basis. The radiant energy within a band is transmitted, reflected, 
and refracted (Fig 3.3 and Fig 3.4). As for solid zone, the thin wall needs to be 
specified to participate in radiation as part of the boundary layer. Diffusely 
reflected energy is fd(1-ε)qin, and the absorbed energy is (1- fd)qin. “fd” is the 
diffuse fraction, ε is the emissivity, and qin is the radiative incident energy on 
the wall (Fig 3.5). For external emissivity, the external radiation temperature 
(T) yields a value equivalent to lamp output power according to q (W/m
2
) = 




















Fig 3.5 DO radiation on Opaque Wall (Fluent Manual 6.3) 
 
 
3.1.1.3 Particle tracking model 
There are two types of model to track the particles. Lagrangian discrete phase 
model (DPM) is defined with some boundary conditions for UV disinfection. 
Lagrangian model is used when the particles has no diffusion and especially 
suitable for single phase flow problems. When the particles have reaction, 
Eulerian model is employed. Eulerian model is used to solve multiphase flow 
problems (solid, liquid and gas). In DPM model, the particle is considered as 
inert particle. The particle reflects at the wall boundary and escapes through 


































where )( pD uuF   is the drag force and eR is the particle’s relative Reynolds 
number. 
 
The UV dose is determined from the time-history of each particle released in 
the reactor influent. The dose as seen by each particle is calculated by 

















). The dose distribution is then computed by 
organizing the dose from all the particle track information into discrete bin 
sizes of different dose values. 
 
Chick-Watson inactivation model is applied in simulating the fluence rate to 
determine the microorganism removal. 
N = No e
-kIt
 (3.17) 
Where N   = concentration of inactivated microorganisms and 
No = initial concentration of microorganisms before exposure to UV radiation. 
 
3.2 Developing a UV reactor in CFD environment to disinfect MS2 
The work flow of CFD/UV disinfection development is shown in Fig 3.6.  In 
CFD data processing, there were two main models (Gambit model and Fluent 
model). Gambit model was used to preprocess the data and Fluent model was 
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used to simulate using the data imported from Gambit model. Data pre-
processing involved creating a reactor geometry (domain) and internal grid 
(mesh). The actual reactor dimension and its properties were defined in gambit 
model and exported to Fluent for analysis. When CFD/UV/MS2 disinfection 
model was developed, the Fluent version was 6.3. The version was updated to 
12 when CFD/AOP models were developed. The MS2 models were revised 
with version 12. The results has slightly changed but neglected.  
 
Ultraviolet (UV) light is electromagnetic radiation with a wavelength between 
100nm and 400nm in the electromagnetic spectrum. Thus, it is longer than x-
rays and shorter than visible light. UV wavelength is subdivided into  
1. UV vacuum (100-200nm) 
2. UVC, shortwave or Germicidal (200-280nm) 
3. UVB or medium wave (280-320nm) and 
4. UVA or long wave (320-400nm) 
 
UV with a wavelength less than 200 nm cannot penetrate the water. There are 
two main types of UV lamps widely used in water treatment applications; 
namely low pressure lamp (LP) and medium pressure lamp (MP). Medium 
pressure lamps are used for large facilities and have 15-20 times germicidal 
intensity compared with that of low pressure lamps. Low pressure lamp has 
monochromatic UV output limited to a single wavelength at 254 nm (UVC), 
whereas medium pressure lamp has a polychromatic UV output between 185-
400nm (Fig 3.7).  For disinfection study, a UV reactor was used where low 
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pressure UV lamp 254nm was secured inside. Energy provided by a UV lamp 
is related to its wavelengths. 
 
Fig 3.6 Work flow diagram of CFD simulation  
 
The relationship between the wavelength of electromagnetic radiation and the 
frequency is:   
 
Figure ## Chart summary of Phase I – UV/CFD/MS2 disinfection approach 
 
Phase I – Development of a CFD model for MS2 UV disinfection  
Actual flow through UV reactor 
 Reactor dimensions 
 Reactor material properties 
Create the reactor geometry and 
Mesh the reactor in Gambit environment 
Transfer the Reactor from Gambit into Fluent 
environment to solve problems 
Choose turbulent model (Fluid model) 
Apply actual flow conditions 
Choose fluence rate model 
Apply UV lamp properties 
Choose particle tracking model 
Apply MS2 particle properties 
Collect UV intensity, residence time 
Calculate UV Dose 
UV Dose Response curve 
(Collimated Beam) 
Inactivation of MS2 microorganisms (CFD) 





v   
(3.18) 
Where c = speed of light (3 X 108 m/sec) 
v = frequency of radiation (Hz or cycles/sec)  
λ = wavelength of radiation (m) 





hE   
(3.19) 
Where E = Energy (joules)  





 1 Eistein = 6.022 10
23
 photons at the wavelength considered. 
 
  
Fig 3.7 UV output (a) LP and (b) MP mercury vapor lamps (Shao, 2007) 
 
In order to solve the flow equations in CFD, the domain must be divided into 
small “control volume” or cells. Accuracy and robustness of the flow was 
dependent upon the grid quality (cell). If it is too ambitious and the volume is 
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over discretized, the computational time will be intensive. To disinfect the 
microbes in the water with UV radiation, the following steps had to be 
followed. They are:   
(1) Creating the geometry in Gambit  
(2) Meshing the geometry in Gambit  
(3) Specifying the boundary types in Gambit  
(4) Setting up the problem in Fluent  
(5) Solving the problem in Fluent and 
(6) UV dose determination. 
 
(1) Creating the geometry in Gambit 
The UV reactor geometry to solve 3D flow problem was created in Gambit 
environment as shown in Fig 3.8. It was a cylindrical flow through reactor and 
UV lamp was mounted inside the reactor. Inlet was located at the center of the 
lower part of the reactor. The outlet pipe was fixed at upper portion of the 
reactor and its position was perpendicular to the inlet. Gambit worked with no 
unit. Units were defined in Fluent. The outlet length that Ng (2007)  used was 
3.57 cm. This value was slightly different from the measurement given in the 
reactor manual provided by the factory when the reactor was bought. The 
length of the outlet end described in the given UV reactor manual was 3.43cm.  
Thus, the correct dimension was 3.43 cm. However, the disinfection study was 
conducted with both dimension 3.57 cm and 3.43 cm and the two results 
obtained were compared to each other. The simulation result showed that the 
outlet length error was small and the error did not affect the disinfection 
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results. Nonetheless, the correct dimension of 3.43 cm was selected in the 
study.  
 
Fig 3.8 Flow through UV Reactor dimension 
 
(2) Meshing the geometry in Gambit 
The reactor body and faces were meshed with the volume meshing scheme in 
Gambit environment. To disinfect the microorganisms, a representative 
number of 110 microorganisms was used as input. One microorganism 
represented one cell/mesh. To have 110 cells/meshes, the mesh interval size of 
inlet face and outlet face was defined the same as 0.2. The mesh sizes for the 
UV lamp and the meshing scheme for the reactor body were defined 
accordingly so that they simplified the meshing process and to have a better 
mesh quality. The volume of the reactor body included the reactor itself, inlet 
Φ= 2.20cm 
L = 3.43cm 
Φ= 2.14cm 




UV lamp sleeve Reactor body 
Φ= 1.80cm 
L = 21.00cm 
Φ= 8.89cm 




volume and outlet volume. UV lamp volume was subtracted from the reactor 
body as the water was not flowing through inside of the lamp sleeve. The inlet 
face, the outlet face and the reactor wall were meshed with face meshing 
scheme. The reactor body was meshed with volume meshing scheme.  
 
Quad-Pave meshing scheme in GAMBIT that allowed meshing the 
combination of different geometries was chosen and created an unstructured 
face mesh consisting of quadrilateral mesh elements. Tet/Hybrid specified that 
the mesh was composed primarily of tetrahedral mesh. Mesh quality was 
examined by the skewness value to avoid the model convergence problem 
(Fluent manual Guide, 2009). After defining the boundary, the mesh file was 
imported to the Fluent environment to solve the disinfection problems.  
 
(3) Specifying the boundary types in Gambit 
The boundary types defined in Gambit are illustrated in Fig 3.9. Inlet and 
outlet were defined as velocity inflow and outflow. The UV lamp wall and the 
reactor body wall were defined as wall. To solve the problem “disinfection” in 
fluent environment, the grid volume of the imported geometry must be 
checked. The value of minimum and maximum volumes must not be negative. 
 
Table 3.1 Boundary types of the UV reactor Geometry 
Name Type 
Inlet Velocity inlet 
Outlet Velocity Outflow 
UV lamp sleeve wall Wall 




Fig 3.9 Labeled zones for UV reactor volume and the mesh diagram  
 
(4) Setting up the problem in Fluent 
The grid scale was defined in SI units. The properties for the fluid, 
microorganism, the UV lamp and the reactor wall were defined as shown in 
Table 3.2. Then the resulting reactor model was ready for analysis. Among 
pathogens, virus has higher UV resistance than bacteria. Among virus, 
Adenovirus (155 mJ/m
2
) is the most UV resistant virus. MS2 has relatively 
higher UV resistance (80mJ/cm
2
) compared with Norovirus, Rotavirus (38 
mJ/cm
2
 for 4 log) or poliovirus (62.5 mJ/cm
2
). Any microbes can be employed 
if their UV dose response curve is available. However, the structure and the 
size of MS2 were similar to human enteroviruses (40 mJ/cm
2
). MS2 was a 
non-pathogenic bacteriophage and suitable to be employed because it has 










without safety matters. MS2 particle is defined the same as fluid as shown in 
the Table 3.2 except the particle has no light scattering phenomenon.  
Table 3.2 Material properties defined in CFD (Ng, 2007) 
















998.2 2200 8000 998.2 
Heat capacity 
(J/kg-K) 








3.3 0.5 1 3.3 
Refractive 
Index 
1 1.33 0 - 
 
 
(5) Solving the problem in Fluent 
After meshing the reactor, and transferring it from Gambit to fluent 
environment, the reactor can be started to train step by step and to solve the 
fluid problems. The first step was to have the flow field stabilized. The second 
step was to radiate the UV energy. The third step was to inject the particles 
into the UV irradiated water.  
 
For the first step, it needed to set the flow parameters in the Fluent model and 
to let the flow run until it reached at steady flow stage.  Standard k- ε (2 
equation model) turbulent model was selected to solve steady state 3D 
problem based on pressure instead of density. According to the description of 
the model, some default model parameters including the following parameters 
were recommended in order to lessen the convergence problem. Viscous 
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model default values were used where Cmu = 0.09, C1-Epsilon = 1.44, C2-
Epsilon = 1.92, TKE Prandtl Number = 1, TDR Prandtl Number = 1.3, Energy 
Prandtl Number = 0.85, and Wall Prandtl Number = 0.85. Under operation 
condition, gravity force along the fluid flow particle path was considered. The 
energy equation and flow equations were solved together. Material properties 
and fluid boundary condition were defined as shown in Table 3.2. Inlet 
velocity was varied from 400 LPH to 900 LPH and the flow direction was 
normal to the inlet face/boundary.  
 




, and constant Turbulent 
Dissipation Rate, ε = 0.02m2/m3 were used. Both UV reactor wall and Lamp 
sleeve wall were considered as a stationary wall with no shear (slip) condition. 
Outlet velocity was nearly the same as the inlet velocity when the flow was 
steady. Concerning UV absorbance coefficient , UV light has the processes 
of absorption, scattering, reflection and refraction. Absorption coefficient 
describes the extent to which the intensity of a radiation beam is attenuated as 
it passes through a specific material (eg., water in this study). UV attenuation 
is measured in terms of UV absorbance. UV demand is also expressed as a UV 
transmittance. UV absorption or UV transmittance is the parameter which 
incorporates absorption and scattering. The attenuation factor of a material is 
obtained by the ratio of the emergent and incident radiation intensities I/I0. 
Thus, UVT = I/Io= exp(-ax), where I/Io is the reduction in intensity over x = 1 
cm. (Note that Fluent uses base e in this formula, not base 10). Therefore, 
absorption coefficient to reflect the UV transmittance (UVT) of the water is: a 




. Thus, for a UVT of 
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0.9 (90%), the absorption coefficient is 10.5. Waters with the lower 
absorbance needed less UV energy to achieve the same disinfection as that 
needed by the water with a high absorbance.  
 
The second step was to define the boundary condition of UV radiation and run 
the UV DO radiation model. The case file (*.cas) and data (*.dat) files used in 
FLUENT (containing the desired model) were read again. The case file 
contained the mesh, boundary conditions and other user settings.  The data file 
contained the data results of previous simulations (e.g., flow simulation). The 
angular discretization controlled the refinement of the DO model.  The default 
value for the theta and phi division was 2 x 2 (5x5 was better and set).  Default 
for theta and phi pixels was 1 x 1 (3x3 was recommended for specular or 
semi-transparent boundaries).  Increasing the divisions increased cost of the 
computation.  Increasing pixilation also increased computation burden, but not 
as much. The appropriate materials such as lamp sleeve type, absorption 
coefficient to reflect UV transmittance for the DO model were defined. 
Diffusion fraction could be set to a value between 0 and 1.  For a value of 1, 
all of the emitted radiation was diffuse equally in all directions.  For a value of 
zero, the emitted radiation followed the beam direction. Reflecting surface was 
specular (i.e., a highly polished, mirror-like surface).  For circular lamps, the 
diffuse fraction must be set to 1 to apply the irradiation uniformly around the 
lamp (circumferentially). The Beam Width (theta and phi) specified the solid 
angle over which the irradiation was distributed. To minimize the effect of 
thermal radiation from temperature differences between the fluid and the lamp 
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sleeves, which have power being applied to them, the temperature of the fluid 
was reduced to 1 K and the DO model was then activated. 
 
For the third step, to inactivate virus MS2, the discrete particle tracking model 
needed to be run. Under Injection Type, either surface (to release particles 
from each element of the inlet, for example) or file could be selected.  If 
surface was selected, an appropriate surface (e.g., inlet) had to be chosen.  If 
file was selected, user defined file had to be created. In this study, the same 
number of particles was injected from each element of the surface of the inlet. 
The diameter of the particle was 26 nm and defined as inert particle. Total 
mesh/element on the surface was 110. So, total number of particles injected 
normal to the inlet face into the UV reactor was 110. The material property of 
the particle was defined the same as water-liquid as shown in Table 3.2.  To 
post-process the data, the UV dose on each particle was computed in Discrete 
Phase (Lagurangian) Model. The dose was the cumulative product of the 
incident radiation [W/m
2
] and the time[s] along each step of the particle path. 
The log inactivation was obtained from the UV dose response curve. The 
reactor performance was analyzed in the results and discussion section. 
 
(6) UV dose determination  
Disinfection is to provide a high enough UV dose that a microorganism’s 
nucleic acid is damage so that there is no chance for it to be repaired. The 
choice of UV lamp power and UV dose partially depends on how much target 
microorganisms are resistant to UV light. The microorganism must absorb UV 
energy in appropriate range. If the organisms receive enough UV dose, they 
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will not get repaired again. UV dose is the amount of UV radiation to which a 
particle is exposed. The UV dose is determined based on the average intensity 
of UV radiation acting on a particle and the particle’s exposure time. UV 




). In contrast, UV dose is the 
product of the average UV intensity (mW/cm
2
) and the contact time (sec) with 
the UV source (sec). This is analogous to the residual Concentration × time = 
CT value used in conventional chemical disinfections. For conservative CT 
measurement, the determination of (T10) value is the disinfectant contact time 
at which the residual disinfectant concentration is 10%.  
 
The UV dose in a batch system is the product of the calculated average UV 
intensity and specific exposure time, whereas the UV dose in a flow-through 
reactor is determined by considering hydrodynamic irregularities and UV 
intensity variation, UV absorbance of the water and the UV lamp quartz, the 
flow rate, UV lamp power output, reflection of the reactor, and hydrodynamics 
characteristics within the UV reactor.  To calculate the UV dose in a flow-
through reactor, numerical modeling is often used. Hydraulic detention time of 
a particle can be obtained from a mathematical model in a flow-through 
reactor. There are four techniques for determining UV dosage; namely 
biological, electronic, chemical and mathematical techniques. One can get 
different answers depending on the technique applied. UV Dose distribution is 
the probability of the spatial distribution of UV doses that microorganisms 
obtain in a flow-through reactor. Some of the microorganisms move closely to 




Some of them move away from the Lamp. Some are circulated inside the 
reactor before they get to the effluent of the reactor. Some will move quickly 
according to the flow rate. Different trajectories will make the UV dose 
distribution of the microorganisms different. Thus, UV dose distribution of a 
microorganism also depends on the reactor design and the flow rate. For the 
worst hydraulic condition as shown in Fig 3.10, it must be careful that the 
minimum dose required to inactivate a microorganism is obtained. 
 
Fig 3.10 Hypothetical dose distributions for two reactors with differing 
hydraulics (Shao, 2007) 
 
In this study, a Fortran program was written and read the particle tracking 
report generated by Fluent. In Fluent, the particle moves from inlet to outlet 
step by step. In each step, the time (s) and the UV exposure incident intensity 
(W/m
2
) along the trajectory by each particle was recorded by the Fluent 
program. The Fortran program works out the UV dose by multiplying time 
and the incident intensity. The accumulated UV dose and the total residence 
time of each particle were also calculated in the Fortran program. After UV 
dose was obtained from CFD simulation, the equivalent log inactivation can 
be calculated by applying UV dose response curve from collimated beam 
experiments (Ng, 2007). After knowing each particle’s UV intensity, residence 
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time, and log inactivation, the overall log inactivation was manually estimated 
in excel works. For UV dose post processing calculation, the Chick-Watson 
model was applied. The Chick-Watson model was mostly applicable in 
simulation of MS2 microorganisms.   
 
3.3 Developing a spiral shape baffle for UV disinfection reactor 
The baffle can be introduced to increase the residence time of the particle or to 
achieve higher UV exposure received by the particle.  Fig 3.11 shows fitting 
the inlet/out position to increase the particle residence time. The spiral baffle 
can be added as same the particles’ trajectory that was spiraling around the 
UV lamp as shown (Fig 3.11). Fig 3.12 shows the reactor used in actual UV 
filed. 
 
Fig 3.11 The particle trajectory 
inside the reactor – S Shape UV 
reactor (Tangipour, 2006) 
 
 Fig 3.12  Actual reactor used in UV 
field 
 
The spiral baffle study was carried out by employing CFD fluent 3DDP model 
based on  
• Number of spiral rings, 
• The wiper space between the UV lamp sleeve and the spiral baffle. 
• The thickness of the spiral baffle, and 
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• Baffle edge starting position (Starting at the inlet or 90 Degree away 
from the inlet), 
The baffle material chosen was steel the same as the material of the main 
reactor body. UV reactor wall reflected 87 % of the incident UV light. The 
same reflection of 87% was also applied on the baffle surface.  
 
The UV reactor in the current study was shown in Fig 3.13 (b). The baffle 
starting point to the baffle ending point was 360 degree (one spiral ring). The 
simulation study was carried out with spiral positions at 270, 360 and 720 
degrees. The flow volume rates 400–900 LPH were applied. The width of the 




Fig 3.13 Baffle installation (a) One spiral ring (360 degree) in upward position 
(Left Fig), (b) lab scale UV reactor (Right Fig) 













3.4 Development of reaction kinetics 
3.4.1 Chemical Materials 
Bisphenol A (99% purity, C15H16O2, 99%), sodium persulfate (SPS, Na2S2O8, 
99%), potassium iodide (KI), sodium thiosulfate pentahydrate (Na2S2O3), 
anhydrous sodium sulphate (Na2SO4), hydroxylamine hydrochloride ( 
PFBOA.HCL), acetone (99.5% , pure liquid) and formaldehyde (37%, pure 
liquid) were purchased from Sigma-Aldrich. H2O2 (30% purity), 0.02N 
Sulphuric acid (H2SO4), phenolphthalein indicator and bromocresol green-
methyl red indicator were purchased from HACH. Concentrated sulphuric acid 
(H2SO4, 97%), n-Hexane (99%, purity), and sodium bicarbonate (NaHCO3) 
were purchased from Merck GaA. Potassium Permanganate (KMnO4) was 
purchased from Kanto Chemical Co Inc. All chemicals used in the 
experiments were of analytical reagent grade. 
 
All the stock solutions were prepared by using Mili-Q water from laboratory 
purifying system. The concentrated BPA stock solution was prepared with 
Milli-Q water three days in advance to have homogeneous mixing. The 
determinations of H2O2 concentration as well as its residual were carried out 
on the spot by using acid-base titration method and then, by placing the 
titrated sample at UV spectrometer. The wavelength used for the H2O2 
detection was 525nm. The detections of BPA initial concentration and its 
residual were performed using High performance Liquid Chromatography 
machine (API 2000 LC/MS/MS – AB SCIEX). The acetonitrile/water mixture 
used in HLPC column for BPA detection was 50%:50%. The determination of 
the S2O8
2-
 concentration and its residual was performed using UV 
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spectrometer followed by the rapid iodometric spectrophotometric method 
(Liang et al., 2008). The wavelength used for persulfate UV absorbance 
detection was 352nm. For the intermediate products for all BPA removal 
processes, formaldehyde and acetone were detected using Gas 
Chromatography-mass spectrometry machine (GCMS QP2010 – Shimadzu). 
Before the samples were added to machine, the extraction process was carried 
out next day after the raw sample from the experiment was collected. For 
alkalinity test, the titration method was used (method 8221, USEPA). To 
adjust the pH, 0.02 N sulphuric and sodium bicarbonate were used.  
 
3.4.2 Analytical process 
There were three phases in this experiment of removing BPA in drinking 
water. The three phases conducted were the applications of UV/H2O2 system 
(Phase II), UV/S2O8
2-
 system (Phase III), and UV/H2O2+S2O8
2-
 combined 
system (Phase IV). Five kinds of detection were carried out in each phase. The 
detections carried out in each phase were BPA initial concentrations and its 
residual, H2O2 initial concentration and its residual, S2O8
2-
 initial 
concentration and its residual, intermediate products (formaldehyde and 
acetone), pH and TOC. The TOC result was not described. Three phases were 
described as shown in Table 3.3. 
 
All the experiments were carried out in a batch reactor (Fig 3.14). The solution 
sample was added in a porcelain bowl where mechanical stirring was set up. 
Two low pressure UV lamps (254nm) were mounted at some fixed distance 
above the porcelain bowls. The 200 ml of BPA/oxidizer solution were added 
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into the bowl and exposed under UV light. The UV exposure periods used for 
all three phases in the experiment were 5, 10, 20, and 30 minutes. The 
resulting solutions after degrading BPA were collected for testing all residuals 
and the intermediate products.  
 
 
Fig 3.14 Batch reactor experimental setting 
 
Table 3.3 BPA and Oxidizer combinations for three UV/AOP systems  
   BPA and oxidizer initial concentrations  
    Oxidizer  
    Phase II Phase III Phase IV 





  (ppb) (ppb) (ppb) (ppb) 
7 75 100 100 100/100 
7 75 500 500 500/500 
7 75 1000 1000 1000/1000 
5.5 75 500 500 500/500 
5.5 75 1000 1000 1000/1000 
8.5 75 500 500 500/500 
8.5 75 1000 1000 1000/1000 
7 150 100 100 100/100 
7 150 500 500 500/500 
7 150 1000 1000 1000\1000 
7 200 100 100 100\100 
7 200 500 500 500\500 




The effect of BPA concentration was analysed at three initial BPA 
concentrations of 75, 150 and 200ppb. The effect of oxidizer concentration on 
BPA degradation efficiency was studied at three initial oxidizer concentrations 
of 100, 500 and 1000 ppb for Phase II (UV/H2O2), and Phase III (UV/S2O8
2-
). 
In Phase IV combined system (UV/H2O2+S2O8
2
), the two oxidizers from 
Phase II and Phase III were combined and used as combined oxidizers with 
each concentration ranging from 100 to 1000 ppb.   
 
The reaction rate constant k’ was determined based on the lowest BPA 
concentration of 75 ppb with respect to the oxidizer concentration of 1000 ppb 
H2O2 for Phase II, 1000 ppb S2O8
2-
 for Phase III and 500ppb H2O2+500ppb 
S2O8
2-
 for Phase IV. The BPA concentration of 75 ppb was kept as constant in 
studying the effect of oxidizer concentration. The degradation of BPA in three 








Where kBPA is the pseudo-first order rate constant, Ct is the concentration at 
time t ( t = 5, 10, 20 and 30 mins in this study), C0 is the initial concentration. 
Lastly, the effect of pH was studied for three situations. They were pH 5.5 
(acidic condition), pH 7 (neutural condition) and pH 8.5 (alkalinity condition). 
 
3.5 Development of CFD models to oxidize BPA 
The degradation of organic compounds in UV initiated advanced oxidation 
process was carried out by radicals that could react quickly with non-target 
specific compound. UV light dissociates H2O2 and S2O8
2-
 into hydroxyl and 
persulfate radicals. To degrade the organic compound, organic molecules 
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undergo photochemical transformation under two circumstances; namely i) 
light energy is absorbed by the molecule to produce an electronically excited 
state molecule, and ii) chemical transformations of the excited state are 
competitive with deactivation process (Parsons, 2004). During the process, the 
rate of reaction and chemical kinetics can be classified into zero, first or 
second order based on the process condition.  
 
There are three models developed in CFD environment. They are UV/H2O2 
AOP model, UV/S2O8
2-
 AOP model and UV/H2O2+S2O8
2-
 AOP model to 
oxidize BPA compound and analyze mineralized intermediate product 
formaldehyde. In all advanced oxidation processes, BPA was degraded by the 
radicals under 2
nd
 order reactions. In order to get second order rate k” with 
respect to the radicals (OH radical and SO4 radical), the first order rate (k’) of 
each process was determined through batch reactor experiment. The product 
of the second order rate (k”) and the radical concentration was equivalent to 
the first order kinetics (Eq 3.21). The kinetics of BPA degradation by the 
UV/H2O2 process has been reported in several literatures. However, in order to 
compare the UV/H2O2 AOP with a new treatment process UV/S2O8
2-
 AOP 
that has no clear rate constant for degrading BPA, the study of 1
st
 order rate 
(batch reactor experiment) and 2
nd
 order rates with radicals (computed from 1
st
 
order rate) for both process were carried out. 
 
3.5.1 Development of CFD/UV/H2O2 AOP model 
The use of UV/H2O2 advanced oxidation process was to generate OH radicals. 
The OH radicals degraded BPA under second order reaction. The UV/H2O2 
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first order kinetics was determined in advance in the batch reactor experiment. 
The second order reaction rate was manually calculated when the 




order rate OH radical model 
k’BPA/OH. = k”BPA[OH.] ss,o   
where [OH.]ss,o was determined via batch reactor experiment. 
(3.21) 
 
k’BPA/OH. = Pseudo 1
st
 order rate constant for target BPA compound (l/mol) 
k”BPA/OH. = 2
nd
 order rate constant between OH radical and BPA, l/mol-s 
 
Kinetics equations used in CFD/UV/H2O2 model  
1)    
  
      


















2)                
  








       
  
                 
(3.26) 
      
  
                 
(3.27) 
  
3)    22 OHHO  (3.28) 
74 
 




 (Alpert, 2011) 
       
  
           
(3.29) 
  
4)          
           
  
        
      (Alpert, 2011) 
(3.30) 
       
  
              
   
(3.31) 
     
  
  
              
   
(3.32) 
      
  
              
   
(3.33) 
 
5)              
         
        (Alpert, 2011) 
 
(3.34) 
      
  
               
(3.35) 
  
6)         
       
  
       
        (Alpert, 2011) 
(3.36) 
      
  
             
   
(3.37) 
     
  
  
             





7)           
      
    
 
8)     
      
      







9)                           
      
  
      
            
 
       
 
   
(3.43) 
(3.44) 
           
  
           
                 
 
       
 




      
  
           
                          
             
               
            
       
            
 
       
 
  
     




          
  
   
(3.47) 
            
                          
             
               
            
  
 
    
 
         
              
 
       
 
   
(3.48) 
The above equation can be solved by applying a quadratic equation. 
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The concentration of OH radical at steady state was computed based on the 
following equation. 
          
                
                     
                            
       
       




3.5.2 Development of CFD/UV/S2O8
2-
 AOP model 
The use of UV/S2O8
2-
 advanced oxidation process is to generate SO4 radicals. 
The SO4 radicals degrade BPA under second order reaction. The second order 
kinetics of BPA degradation by UV/S2O8
2- 
process has not been clearly 
reported in literature. The UV/S2O8
2-
 first order kinetics was determined in 
advance in the batch reactor experiment. The second order reaction rate was 
manually calculated when the concentration of SO4 radicals at steady state 
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order rate constant between SO4
.-
 radical and BPA, l/mol-s 
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Assumption:    
  concentration does not change with time. The concentration 
of    
   radicals during the reaction is equal to the initial state concentration. 
Kinetics equations used in UV/     
  / CFD model 
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The above equation can be solved by applying a quadratic equation as follow. 
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3.5.3 Development of CFD/UV/H2O2+S2O8
2-
 AOP model 
The combination of the UV/H2O2 and the UV/S2O8
2-
 process was to generate 
OH radicals and SO4 radicals. Their first order kinetics was obtained from 
batch reactor experiment. The second order rate constants in degrading BPA 
with OH radicals and SO4 radicals were computed based on their first order 






order rate OH radical model 
k’BPA/OH. = k”BPA[OH.] ss,o  where [OH.]ss,o has to be determined. (3.98) 
k’BPA/OH. = Pseudo 1
st
 order rate constant for target BPA compound, l/mol 
k”BPA/OH. = 2
nd
 order rate constant between OH radical and BPA, l/mol-s 
Limitation: OH radical concentration does not change with time. The 












] ss,o  where [SO4
.-
]ss,o has to be determined. (3.99) 
k’BPA/SO4
.-
 = Pseudo 1
st
 order rate constant for target BPA compound (l/mol) 
k”BPA/SO4.-= 2
nd
 order rate constant between SO4
.-
 radical and BPA, l/mol-s 
Assumption:    
   concentration does not change with time. The 
concentration of    
   radicals during the reaction is equal to the initial state 
concentration. 
 
Kinetics equations used in UV/ H2O2 + S2O8
2- 
/ CFD model 
1)    
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 (Alpert, 2011) 
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3)    22 OHHO  (3.106) 
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 (  Rivas et al., 2003)  
       
  
           
(3.107) 
  
4)          
           
  (3.108) 
        
      (Alpert, 2011)  
       
  
              
   
(3.109) 
     
  
  
              
   
(3.110) 
      
  
              
   
(3.111) 
  
5)     
  
  
      
        (3.112) 
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The above equation can be solved by applying a quadratic equation. 
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The concentration of OH radical at steady state was computed based as follow. 
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The above equation can be solved by applying a quadratic equation as follow. 
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were developed for UV based advanced oxidation processes (UV/AOPs) in 
CFD fluent environment and the disinfection and oxidation efficiencies were 
evaluated. To ascertain the reaction mechanisms for each UV/AOP treatment 
process, the species transport model was employed in CFD fluent tool (Fig 
3.15).  
 




To carry out the BPA removal with the flow through UV reactor, the 2
nd
 order 
kinetics of the BPA with the radicals were needed. The CFD model used the 
reaction kinetics between the radicals and the chemical contaminant. There 
were three built-in reaction options by the chemical species in CFD fluent 
tool: (1) volumetric, (2) wall surface and (3) particle surface reactions. For this 
current study, volumetric reaction was the most appropriate option since UV 
lamp fouling was not significant according to the UV/CFD/MS2 study in 
Phase I. If UV lamp fouling was the major issue, wall surface reaction and 
particle surface reactions will have to be considered. Moreover, the reactions 
were carried out in turbulent flow condition and their reactions are multi step 
chemical kinetic mechanisms. Thus, eddy-dissipation model was employed 
because it kinetically controlled radicals-mediated reactions. 
 
The steady fluid velocities transported a number of properties: mass of one or 
more materials, momentum and energy. The model was setup by specifying 
which species are present in the mixture, and specifying properties of all 
species. If N species were present, N-1 equations were solved. The 
concentration of the Nth species followed from the fact that all mass fractions 
should sum to unity. The species transport equation (constant density, 





   
      
 
   
  
  
   
    where the 
concentration of the chemical species is c, the velocity is ui, D is the diffusion 
coefficient, and S was a source term.  The S term described the creation or 
destruction of species due to chemical reaction and any other physical 
phenomena the user wanted to implement. For mass balance, the S source term 
was regarded as zero in Fluent user manual. This equation is solved in 
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discretized form to calculate the transport and local species concentrations. 
The second term on the left of the equation was convection term. Convection 
was transport of material due to the velocity of the fluid. The term on the right 
of the equation was diffusive term. Diffusion was transport resulting from 
concentration gradients.  
 
The properties of fluid (H2O), UV reactor, and MS2 were predefined in the 
fluent and the reactor was validated. The validated reactor was employed for 
AOPs. In AOP simulation, the step 1 to define zone types (inlet zone/outlet 
zone), the step 2 to choose the solver type for fluid, and the step3 to switch on 
the energy equation for the fluid were done in CFD/UV/MS2validation – 
Phase I. After having the stabilized condition (Phase I), the step 4 was to add 
species by defining them in the templates. All of the material properties; 
microorganisms and chemicals were defined in 5
th
 step. MS2 template has 
already been defined. In mixture template, all the chemical reactions were set 
and the fluid (H2O) was defined as a bulk species.  
 
The inlet zone was set with species mass fractions where the velocity 
magnitude, initial chemical concentrations, thermal properties were set in 
velocity inlet panel. In solution control panel, all the parameters; species, 
energy, turbulent intensity, pressure-velocity coupling – simple stage were 
selected. The desired residuals were set in residual monitor panel. That 
includes all parameters such as x-velocity, y-velocity, energy, each chemical 
specie, and microbes. After setting all in the oxidation model, the oxidation 
model was initialized.  
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Fig 3.16 demonstrated the byproducts CH2O of BPA contaminant generated 
by CFD model at a certain flow rate. The byproduct concentration depended 
on the initial BPA concentration, initial oxidizer concentration and the flow 
rate. The maximum mass fraction of CH2O shown was 1.07e-15 according to 
the data shown on Fig 3.15. The mass residual of each chemical species and 
the microorganisms was collected at the outlet face. 
 
 





4 RESULTS AND DISCUSSIONS 
 
The objective of this study was to explore the new concept of employing 
simultaneous UV disinfection and contaminant degradation to optimize the 
UV/AOP drinking water treatment as shown in Figure (4.1). In the study, CFD 
software package (Fluent 3DDP) was employed to evaluate the flow field, 
radiation intensity field, disinfection, and degradation process. 
 
Fig 4.1 The study plan of UV/AOP/MS2 disinfection and BPA removal  
 
The development of oxidation model using CFD Fluent 3ddp model was 
organized into four phases as shown in Fig 4.1: (1) the UV/MS2 disinfection 
model was developed in Phase I, (2) the UV/H2O2 AOP model was developed 
in Phase II, (3) the new UV/S2O8
2-
 AOP model was introduced in Phase III 
and (4) a new UV/H2O2+S2O8
2-
 AOP model was developed in Phase IV. The 
UV reactor model incorporating MS2 inactivation and UV fluence parameters 
were verified in Phase I. The validated UV disinfection reactor model 
developed in Phase I was subsequently used for all UV/AOP models to study 
BPA contaminant degradation by each AOP process in Phases II, III and IV.  
The AOP disinfection investigation was carried out for each AOP process in 
  UV Water Treatment   
MS2 Disinfection   BPA oxidation   
Phase II  – UV/ H 2 O 2  AOP  
Phase I I I  –  UV/ S 2 O 8 
2 - 
  AOP  
Phase  IV   –  UV/ H 2 O 2 + S 2 O 8 
2 - 
   AOP   
Phase I  –  UV/ MS2 inactivation   
FLuence rate determina t on 
&   
Design Analysis   
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Phase II to Phase IV. AOP kinetic comparison was done for BPA degradation 
by each AOP treatment from Phase II to Phase IV. The AOP kinetics 
comparison study was investigated for BPA removal, oxidant residual and the 
intermediate product formation. The intermediate product selected was 
formaldehyde. 
 
4.1 UV/MS2 disinfection (Phase I) 
The first phase of UV disinfection development was the basic step necessary 
for the whole UV/AOP study. CFD fluent 3DDP tool was employed for 
verifying the experimental log inactivation result of MS2 coliphage with 
respect to varying flow rates. The parameters of reactor configuration, the 
water quality, and UV radiation were first determined and simulated in Phase 
I. The CFD fluent application tool was divided into two environments; Gambit 
to build and mesh the reactor and Fluent to analyze the reactor and fluid 
problems. Building the reactor and meshing was carried out in Gambit 
environment. The UV dose simulation result from CFD was matched with the 
UV dose response curve where the log inactivation was determined. Chick 
Watson inactivation model (Crittenden et. al, 2005) was used in determining 
MS2 log inactivation. Based on simulations, it was found that the inactivation 
of microorganisms was affected by various factors which were correlated with 
each another. These factors are discussed below.  
 
4.1.1 Mesh size interval, meshing scheme and the flow paths 
Mesh size interval or the number of cells and the meshing scheme defined on 
the surface or wall of the reactor (hereafter refer to as mesh quality) 
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determined whether the solution generated by the fluent solver could 
accelerate convergence, the resolution and accuracy of the solution obtained. 
In order to obtain suitable mesh interval sizes on the inlet face, the outlet face, 
UV reactor wall, and UV lamp, different mesh interval sizes with various 
meshing schemes were simulated. The simulated results were evaluated in 
term of the worst mesh quality value (skewness) (Fluent Manual Guide 6.3, 
2009). A mesh quality that yielded skewness within the range of 7 and 9 was 
considered acceptable. It was difficult to obtain the mesh quality 9 and above. 
A chosen mesh interval size needs adjustment if its skewness was less than 7. 
When the mesh quality fell within the allowable range, the flow pattern and 
the extent of MS2 disinfection were investigated based on the meshing 
interval value. The meshing typically required many trials in order to obtain 
the MS2 log removal values that correspond well with experimental results. 
The initial flow rate of 400LPH was taken as a training data set. A total of six 
different flow rates between 400-900 LPH were tested with an interval 100 
LPH. Based on the CFD log inactivation result obtained for the volumetric 
flow rate 400LPH, the other five flow rates were predicted and validated with 
the experimental log inactivation result. 
 
Fig 4.2a shows the actual UV reactor used for the CFD simulation. Fig 4.2b 
shows the flow pattern when the mesh size interval 0.2 mm was used for the 
entire UV reactor. When the mesh size was smaller than 0.2 mm, CPU 
processing task was too intensive to generate the flow. As a result, the reactor 
could not generate the flow process within a reasonable timeframe. When the 
mesh size was changed to reduce the computational time, the flow paths were 
scattered and distributed within the whole reactor. However, the recirculating 
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situation could be overcome when the inlet wall was meshed with “face 
meshing scheme” with an interval size 0.2mm instead of the “face and volume 
meshing scheme”. The UV lamp wall and its round tip (i.e. the ends of the UV 
lamp within the reactor) were fitted with mesh of an interval size 0.2 and 0.3 
mm, respectively. Based on multiple trials, the face and volume meshing 
scheme with the interval size of 0.2 mm was deemed a suitable choice for the 
inlet face and the inlet wall.  
         
Fig 4.2 (a) UV Reactor used in this study (b) Different flow patterns with 
different mesh sizes at flow rate 400 LPH – the whole UV reactor body with 
0.2 mm mesh interval  
 
Fig 4.3 shows the flow pattern when the mesh interval of 0.2 mm was applied 
on the UV lamp sleeve and 0.3 mm on the UV lamp round tip were used. The 
chosen mesh quality yielded a skewness of 0.76 which is within the 
recommended range. With this chosen mesh quality, the total number of cells 
meshed at the inlet face and outlet face were 110 and 119, respectively. The 
number of meshes/ cells on inlet and outlet faces was different because the 
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outlet diameter 2.2cm was slightly larger than the inlet diameter 2.14 cm as 
per design. After the meshing scheme was modified, all particles easily left the 
reactor through outlet. However, the flow paths were noted to bend away from 
the UV lamp sleeve. This undesirable phenomenon was rectified when a same 
interval size of 0.25 was used for both the UV lamp sleeve and the round tip. 
The flow paths near the UV lamp round tip became smoother as shown in Fig 
4.4. As the flow pattern was stabilized, the reactor body mesh interval was 
also increased from 0.2 mm to 0.5 mm to save the computational time. The 
result was also within the acceptable skewness value. The mesh intervals and 
types that could accurately reflect the inactivation rate for MS2 according to 
the experimental results were finalized.  
 
Fig 4.3 Different flow patterns with different mesh sizes at flow rate 400 LPH 






Fig 4.4 Different flow patterns with different mesh sizes at flow rate 400 LPH 
- Both UV lamp and its sleeve with 0.25 mm interval (steady state)  
 
Fig 4.5 shows the reactor with finalized mesh intervals. A particle-free zone, 
in other words, a dead zone can be seen in the lower corner of the reactor after 
stabilizing the flow path. 
    
Fig 4.5 Different flow patterns with different mesh sizes at flow rate 400 LPH 






The top view of the flow paths can be seen in Fig 4.6. As the flow rate was 
steady, the left and right flow paths in the reactor were similar. According to 
the colour indication on the simulated output, was found that the flow path 
close to the UV lamp obtained higher UV intensity and that close to the UV 
reactor wall received lower UV intensity. However, the flow paths appeared to 
be changed when flow rate was increased. 
 
 
Fig 4.6 Flow path lines at 400 LPH (Top view) 
 
Fig 4.7 shows that some particles circulated around the dead zone at high flow 
volume 900LPH. The log inactivation was significantly decreased when 
compared with experimental result while simulating. It was due to the particles 





Fig 4.7 Flow path lines at 900 LPH  
 
Table 4.1 summarizes the mesh geometry and interval size of the UV reactor. 
The interval size of 0.2 mm was used for both inlet face/wall and outlet 
face/wall. When the interval size of 0.2 mm was used on both inlet face and 
wall, the particles passed through the UV reactor directly.  
 







Inlet & outlet (face) Quad Pave 0.2 
Inlet & outlet (wall) Quad Map 0.2 
UV lamp (wall) Quad Map 0.25 
UV lamp (round tip) Quad Pave 0.25 
Reactor body Tet/Hybrid T-grid 0.5 
 
 
The mesh size on UV lamp sleeve and round tip was half of the diameter of 




mesh quality obtained was 0.781 and the total number of meshes/cells was 
146060. After choosing the appropriate mesh interval size and stabilizing the 
flow paths, the UV reactor was sent to the CFD fluent environment to validate 
UV intensity, and solve fluid problems. 
 
4.1.2 Fluid flow Velocity   
Fig 4.8 and Fig 4.9 show the movement of the liquid particles and their 
volumetric flow rates. The inlet diameter of the reactor in this study was 2.14 
cm. It was observed that the maximum velocity inside the reactor vessel was 
higher than that at the inlet face of the reactor. For a flow rate of 400 LPH, the 
applied velocity at the inlet face of the reactor was 0.308 m/s. the maximum 
velocity inside the reactor vessel was 0.377 m/s (Fig 4.8). For a flow rate of 
900 LPH, the velocity applied at the inlet face of the reactor was 0.695 m/s.  
 
The CFD result showed that the maximum velocity of the fluid particles inside 
the reactor vessel was 0.839 ms
-1
 as shown in Fig 4.9. This phenomenon was 
attributed to the reactor configuration as the inlet/outlet diameter and reactor 
diameter were not the same. The main reactor body diameter was four times 
larger than the inlet/outlet diameter. This created the flow more turbulent in 
macro mixing phenomenon inside the reactor. In addition, the configuration of 
the reactor showed that the inlet was perpendicular to the main body of the UV 
reactor. That position created the turbulent condition inside the reactor and 






Fig 4.8 Velocity profile at 400 LPH 
 
 
Fig 4.9 Velocity profile at 900 LPH 
 
This orientation/configuration made the flow more turbulent and increased the 
fluid velocity which was not desirable with respect to disinfection 
performance. Such a configuration of the angular inlet also resulted in the 
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recirculation of fluid within the dead zone. A more efficient approach was to 
place the inlet and outlet pipes at opposite ends of the reactor by aligning on 
the same horizontal axis with reactor. 
 
4.1.3 UV intensity determination  
After the stabilized flow path was obtained (Fig 4.4), the Discrete Ordinates 
Radiation Model (DO) was used to apply the UV energy. The low pressure 
UV lamp intensity was 400 W/m
2
. Radiation beam width angles (theta and 
phi) radiated from the UV lamp sleeve were chosen as 1E-06 degree. Zero 
degree meant the UV light has no beam width. According to model results, it 
was found that the light beam had a certain beam width at 1E-06 degree. This 
finding agreed with the result by HO (2008). Therefore, the UV intensity was 
slightly increased by the beam width of 1E-08 degree. The distributions of the 
UV incident radiations on the reactor wall are shown in Fig 4.10. It was 
observed that the resolution adjustment was extremely important in order to 
result in uniform emission of the UV radiations in a radial pathway from the 
centre of the UV lamp. In this study, the best resolution was obtained by 
setting theta division at 5, Phi division at 5, theta pixel at 3, and phi pixel at 3 
for the semi-transparent UV lamp sleeve. The resolution parameters were in 
agreement with the finding reported by HO (2008). When a suitable resolution 
was used, the UV intensity was evenly distributed in a radial manner.  
 
When light passed through different media, it was subjected to reflection and 
refraction according to Snell’s law. When light was incident at different angles 
to the plane surface, the light reflected at different angles so that the reflected 
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lights were diffused, overlapped, and superimposed. Such phenomena 
therefore increased the light intensity within the reactor to a level that is more 
than its original intensity of 400 W/m
2
. In this study, the UV reactor wall was 
made of stainless steel. The light reflection, diffusion and refraction took place 
whenever light passed through vacuum (inside the UV lamp sleep), glass layer 
(the cover of the UV lamp sleeve) and water layer (inside the UV reactor). UV 
intensity was increased by adjusting the UV light reflection, refraction and 
diffusion parameters so as to more accurately model disinfection results as 
these results are was very sensitive to UV intensity. 
      
Fig 4.10 UV radiation distribution on the reactor wall for all flow velocities 
 
The UV intensity obtained by the particles were depended on the incident 
angles of the light and the extents of reflection diffusion at the inner wall of 
the reactor, water medium and the lamp sleeve wall. According to Blatchely et 
al (1997), stainless steel reflection was approximately 19.5% of UV radiation 








study was 6.1%. The low reflection value suggested that the UV reactor wall 
was slightly fouled.  
 
4.1.4 Particle tracking 
The flow path of each   particle was tracked to calculate the incident radiation 
intensity at each time step and the residence time of each particle. Fig 4.11a 
and Fig 4.12a show the trajectories of particle no.11 and no.101 (with flow 
rate of 900LPH) when they travelled from the reactor’s inlet, through the 
reactor, and to the outlet surface.  Particle no.11 flew away the UV lamp 
sleeve whereas particle no.101 flew near the UV lamp sleeve. It was observed 
that those particles which entered the reactor via the center region of the inlet 
pipe flowed directly to the UV lamp whereas those particles around the 
circumference of the inlet of the reactor traversed along the reactor wall. As a 
result, the particles close to the UV lamp obtained higher incident radiation 
energy and had a shorter residence time inside the reactor before it left from 
the outlet of the reactor.  Fig 4.11b and Fig 4.12b showed the incident 
radiation intensity exposure on each particle along its trajectory. The particles 
far away from the UV lamp sleeve received lesser incident UV energy and had 
longer residence time. Based on their trajectories, the incident UV intensity 
received and the travelling time was different from particle to particle. Particle 
no.11, which travelled away from the wall of the UV lamp sleeve had a lower 
intensity of UV dose (Fig 4.11b). Particle no. 101 had shorter residence time 
(Fig 4.12b) but stronger incident UV intensity was achieved due to closer 




Fig 4.11 (a) Residence time of a particle no. 11 in flow rate 900LPH case  
 
 
Fig 4.11 (b) The incident UV radiation received by a particle no.11 at flow 
rate 900LPH case  
 
UV dose was evaluated by the product of accumulated incident UV intensity 
and the residence time of the particle (Crittenden et al, 2005). A FORTRAN 
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program was used to extract the particles from the CFD model and calculate 
their accumulated UV intensity and the relevant UV dose. 
 
Fig 4.12 (a)   Residence time of a particle no. 101 in Velocity 900LPH case 
 
 





Fig 4.13 shows the particles (MS2 microorganisms) and their relevant UV 
dose at the flow rate of 400 LPH. The UV dose range received by particles 
was ranged between 500-2500 mJ/cm
2
 at the flow rate of 400 LPH. When the 
flow rate was increased, the UV dose was found to be reduced.  
 
 
Fig 4.13 The UV dose received by the microorganisms at flow rate 400 LPH 
 
Fig 4.14 shows the lower UV dose received by the microorganisms at flow 
rate of 900 LPH. The UV dose range was reduced to the range of between 
250-1500 mJ/cm
2
 at 900 LPH compared with that of 400 LPH. It was 
observed that the higher the flow rate, the lower the UV dose. It is important 
that the minimum UV dose must be delivered so as to ensure sufficient 
inactivation of microorganisms and to prevent subsequent light or dark 



























Fig 4.14 UV dose received by the microorganisms at flow rate 900 LPH 
 
4.1.5 MS2 Log inactivation (Post processing) 
Previously, the particles from the CFD model and their accumulated UV 
intensity and the relevant UV dose were extracted by using FORTRAN 
program. The accumulated UV dose on each of the representative 110 
particles was evaluated in excel program to determine the fractional Log 
survival. Fig 4.15 shows the relation between UV dose and Log inactivation. 
Based on the UV dose, the fractional survival ratios were determined by 
applying the relation between UV dose and Log inactivation. The obtained 
fractional survival ratios were summed to yield the cumulative survival that 
was converted to log Inactivation. 
 
As the UV dose-response curve for this particular test is given as a linear 
function, 0.048 times UV dose was taken as the solution for each log 
inactivation (Ng, 2007). The higher the UV dose, the higher the log 
inactivation. On the other hand, the log inactivation of the reactor was higher 
when the particles in UV the reactor obtained the higher UV dose. The 

























Fig 4.15 MS2 UV dose-response curve by 254nm collimated beam (Ng, 2007) 
 
Fig 4.16 and Table 4.2 show the results of Log inactivation obtained from 
experiment and CFD. Both results decreased when the flow velocity increased. 
This observation was attributed to the fact that UV dose received by the 
microorganisms decreased with increasing flow rate. However, the simulated 
results at higher flow velocities deviated from the corresponding experimental 
observations. This phenomenon could be due to the hydrodynamics condition 
of the reactor at high velocities. The turbulent condition was significantly 
changed when the flow velocity was increased. The flow rate 900 LPH was 
the maximum allowable flow rate for the current UV reactor based on the 
Reduction Equivalent Dose analysis (RED) (Table 4.3).  
y = 0.048x 














































Fig 4.16 Comparison of the Log inactivation (CFD and Experimental 
verification) 
 
Table 4.2 Log inactivation comparison at various flow velocities 
Flow rate Log inactivation (UV/MS2) 
LPH Experiment CFD Simulation Difference in Results 
400 3.92 3.92 0.00 
500 3.44 3.23 0.21 
600 3.04 2.81 0.23 
700 2.71 2.35 0.35 
800 2.42 2.09 0.33 
900 2.12 1.9 0.22 
 
Table 4.3 Simulated RED dose by CFD Fluent 3ddp UV disinfection model 







LPH inactivation Max Min  (mJ/cm^2) (J/m^2) 
400 3.918 6707 636 82 816 
500 3.230 5162 508 67 673 
600 2.807 3889 433 58 585 
700 2.353 3370 354 49 490 
800 2.090 4419 307 44 435 
900 1.904 2753 278 40 397 
 
The results of a CFD simulation were never 100% reliable because the input 






















Flow Rates (LPH) 
Exp- UV/MS2 
CFD - UV/MS2 
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of the problem at hand may be inadequate and the accuracy of the results is 
limited by the available computing power.  It has been pointed out by CFD 
users that the CFD models underestimated the experimental data (Linden, 
2004; Alpert, 2011). The reliability of CFD simulations is greater for 
laminar/slow flows than for turbulent/fast ones, for single-phase flows than for 
multi-phase flows, and for chemically inert systems than for reactive flows.  
 
The current study also conducted a Particle Image Velocity (PIV) experiment. 
The PIV data analysis was not finished because of the limited time. The PIV 
study was intended to correct such difference by formulating turbulent 
intensity at the reactor body instead of using the turbulent intensity of the 
reactor inlet. This PIV study was to correct the turbulent formula set in k-e 
model. Another reason was the CFD users most likely used k-e was to save the 
computational time. The realization solver can provide a better result than k-e 
solver but the former solver was computationally expensive.   
 
The k-e fluid solver was grid dependent. Different grid types can be chosen 
to mesh the volumes and faces of the reactor. Reactor body was divided into 
volumes, faces and walls such as inlet volume/face/wall, outlet 
volume/face/wall, UV lamp sleeve volume/wall, UV lamp sleep round tip 
volume/wall and main reactor volume/face. The results have a little 
difference based on chosen grid types, different meshing schemes and 
different zone types. Hex/Wedge element in grid type Cooper provided a 
better result. This cooper gird type needed to divide the reactor into smallest 
portions. This was very time consuming during the meshing simulation 
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because the meshing trial needed to be repeated. So, this study used easier 
Tet/Hybrid grid type in meshing trials. Some face meshing scheme (inlet 
wall and inlet face) were combined into volume type and the volume 
meshing scheme and grid type Tet/Hybrid was used to mesh the inlet. This 
different grid type selection showed the difference when the flow rate was 
strongly turbulent especially at 800 and 900 LPH in L shape UV reactor. The 
900 LPH was a maximum allowable rate provided by the manufacturer. At 
these two velocities, the initial velocity was set into very lower condition 
0.01 m/s and the reactor was manually initialized for some steps. Therefore, 
the flow rate of 800 and 900 LPH results slightly bent up. At 900LPH, 
Reduction Equivalent Dose (RED) was 397 J/m^2 that was close to UV 
intensity 400J/m^2 provided by LP lamp. That was how the maximum flow 
rate was determined based on RD for UV reactors. This study obtained the 
agreement with the manufacture allowable flow rates.   
 




The goal of this study was to analyze the UV disinfection performance 
among the various diameters especially for 90
o
 bend flow-through reactor. 
To optimize the reactor design, the minimum inlet diameters that can 
provide optimal disinfection efficiency and the optimal flow field were 
determined by employing CFD tool. It was to simulate various ratios of 
inlet/outlet piping diameters with respect to the main reactor diameter. 
Several ratios of inlet diameter/main reactor diameter in the scale of 0.2, 
0.22, 0.24 and 0.25 were applied with various flow rates ranging from 
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minimum of 400 LPH to maximum of 900 LPH. MS2 virus was employed 
to determine the delivered UV dose and the reactor’s performance. Low 
pressure lamp with λ 254nm was used. The reactor’s performance was also 
analyzed based on different transmittance percentage values of UV rays 
and sizes of microorganism. There were three phases in the analysis; (1) 
Reactor diameter analysis (90 degree Bend), (2) UV transmittance analysis 
(UVT), and (3) the microbial size analysis (MS2 coliphage). 
 
(1) Reactor diameter analysis 
The flow rates 400-900LPH were applied for each particular inlet diameter. 
As hydraulic diameter was the same as the inlet diameter of the reactor, the 
inlet diameter variation affected the disinfection. It can be seen from Fig 4.17 
that the smallest diameter of 1.8 cm achieved the highest disinfection rate at 
the lower volume flow rates ranging between 400-500 LPH. However, the 
degree of inactivation was dramatically reduced as flow rate was increased.   
 
The turbulent model applied in this study was k-ε. The k-ε model is grid 
dependent and weak in generating swirl flow. The reactor configuration used 
in this study was that the reactor inlet and outlet were perpendicular to each 
other so it enhanced the swirl flow. However, the swirl condition could 
become worse when the flow rate was higher. It was noted that the smaller 
inlet diameter with the high volume flow rate created the jet flow. The jet flow 
could break the UV lamp (USEPA, 2006a). The robustness of the UV lamp 




Fig 4.17 Inactivation of MS2 coliphage with various inlet diameters 
 
By comparing the log inactivation results of various inlet diameters, the inlet 
diameter of 2 cm was observed to provide the highest degree of inactivation as 
shown in Table 4.4 simulated data. The log inactivation provided by inlet 
diameter 2cm was from 4.329 to 2.126 logs. Based on the inlet simulation 
results, a reactor with 2cm diameter was developed with Plexiglas material 
and validated with PIV experiment (Particle Image Velocitmetry). The 
experimental analysis was not finished on time to show.  

















LPH 2.14cm 2.14cm 20mm 22mm 18mm 
400 3.92 3.918 4.329 3.696 4.729 
500 3.44 3.230 3.561 3.042 4.272 
600 3.04 2.807 3.035 2.594 3.808 
700 2.71 2.353 2.650 2.270 2.921 
800 2.42 2.090 2.358 2.020 2.605 
























Flow rate (LPH) 
2.14 cm (EXP) 
2.14 cm (CFD) 
2.00 cm (CFD) 
2.20 cm (CFD) 
1.80 cm (CFD) 
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(2) UV transmittance analysis (UVT) 
Fig 4.18 and Table 4.5 show the simulation results of the correlation between 
the UV transmittance and the MS2 log inactivation. The result shows that the 
microorganisms received lesser UV dose leading to low inactivation. It 
implies that the fluid particles transmit less UV light when the water quality is 
lower. The water matrix and the constituents such as organic compounds, 
colloidal particles in the water could also affect the UV transmittance. UV 
transmittance was determined by the ratio of the emergent and incident 
radiation intensities theoretically. The absorption coefficient that reflects the 
UV transmittance of the water depends on the water matrix. The absorbance 
value of the tap water used in this study was 0.03 and the UV transmittance 
was 97%. If the absorbance value of our water matrix was known, log 
inactivation can be estimated by applying the following graph. It shows how 
to make good use of the modeling for UV disinfection. 
 
 
































Table 4.5 Inactivation of MS2 coliphage with various UV transmittances 
 
 
(3) The MS2 coliphage microbial size analysis  
The diameter (D) of the MS2 microorganism used in the current study was 
26nm. The effect of the variation of the microorganism size on log 
inactivation was too small based on the finding. According to the CFD 
simulation, different MS2 microbial sizes did not affect UV dose and the 
disinfection performance as observed in this study. Therefore, the results 
of microorganism size variation are not discussed in this thesis. 
 
4.1.7 Baffle design simulation 
Fig 4.19 shows the comparison between mean UV dose obtained from the 
simulated results for the reactor at the position of 360 degree spiral baffle and 
that without any baffle. It is seen that the mean UV dose increased twice at 
lower flow volume rates when the additional baffle was applied to the existing 
reactor.  The particle residence time was increased and this made the particles 
experience longer UV exposure time. To obtain the minimum UV dose 346 
J/m
2
, the reactor without baffle needs 800 LPH volume flow rate whereas the 
reactor with baffle can handle volume flow rate of 900LPH. The reactor with 
the spiral baffle can run 100 LPH higher flow rate compared to the reactor 
without baffle. It was found that the baffle spiral positions at 270 degree did 
UVT (%)   A MS2 Log Inactivation 
96.75 3.304 0.014 3.918 
95 5.129 0.022 3.761 
90 10.536 0.046 3.349 
85 16.252 0.071 2.985 
80 22.314 0.097 2.671 
75 28.768 0.125 2.386 
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not showed the significant effectiveness. Thus, the spiral ring position was 
increased to 360 degrees. Their increasing minimum dose and maximum dose 
are shown in Table 4.6.  
 
Fig 4.19 UV dose comparisons (The UV reactor with and without baffle) 
 
Table 4.6 UV dose comparison (The UV reactor with and without baffle) 















LPH (J/m^2)  (J/m^2)  (J/m^2)  (J/m^2)  (J/m^2)  (J/m^2)  
400 4002 701 1392 22217 768 2820 
500 6196 562 1123 17094 594 1989 
600 4882 396 924 20278 435 1410 
700 2424 396 772 9994 435 1241 
800 2638 345 677 3508 383 901 
900 3108 305 604 11609 346 890 
 
The maximum UV dose increased 3 times in the reactor without baffle 
compared to the reactor with 360 degree spiral baffle. The UV dose was 
increased because it was found that the particle stayed longer in the UV 
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was investigated. The wiper space was added for the installation of the 
equipment to clean the UV lamp sleeve. 
 
Fig 4.20 shows the application of 720 Degree spiral baffle (two spiral rings) in 
our reactor without wiper space. The particles travelled through the spiral 
baffle track. Fig 4.21 shows the application of 720 Degree spiral baffle with 
the wiper space 0.5cm in our study. Because of adding the wiper space, some 
particles close to the UV lamp went directly through the wiper space. Some 
particles away from the UV lamp followed along the spiral baffle.  
 
Fig 4.20 Spiraling 720 degree 
or two spiral rings (no wiper 
space) 
 Fig 4.21 Spiraling 720 degree or two 
spiral rings (0.5 cm gap for the wiper 
space) 
 
Fig 4.22 shows a particle movement moving from left to right inside the 
reactor. The x coordinate shows the time travelled by the particles and the Y 




axis shows the particle’s movement – coordinate points in the reactor. It can 
be seen that the particle’s trajectory traveled along spiral baffle. 
 
Fig 4.22 The particle pathline based on the distance from the UV lamp sleeve 
with respect to the residence time (the spiral baffle 720 degree) 
 
Fig 4.23 shows the various baffle positions at different degrees with their log 
inactivation simulations. The position at 360 degree of spiral baffle increased 
the log inactivation significantly due to longer particle residence time and the 
reflection caused by the baffle. It was found that the baffle without the wiper 
space provided higher log inactivation than that with the wiper space. It was 
also found that adding the wiper space between the baffle and the UV lamp 
sleeve reduced the log inactivation and it depended on how wider the wiper 
space was. The wider the wiper space, the lower the log inactivation. Using 
the wiper space of 0.3cm provided a slightly lower log inactivation than that 
0.2 cm. Therefore, it was to increase the spiral ring to increase the log lost by 
adding the wiper space. The 360 Degree position of spiral baffle without the 
wiper space has a higher log inactivation than the 360 Degree position of 
spiral baffle with 0.5 cm wiper space (the green line with triangles-delete it, 




Fig 4.23 Baffle simulation 
 
When the spiral position was changed (with the gap 0.5 cm for wiper space) 
from 360 degree to 720 degree, the log inactivation increased. The baffle 
position at 720 degree with the gap 0.5 cm provided 4.62 logs at 400 LPH and 
2.207 logs at 900 LPH. Based on the simulation, it was found that the 
inactivation efficiency was reduced when the wiper space was added. 
However, increasing the number of spiral baffle ring enhanced the log 
inactivation efficiency. The various thicknesses of the baffle at different 
positions were also simulated. The results obtained indicated that the thickness 
of the baffle had no effect on disinfection performance. The baffle edge 
starting positions were starting at the top of the inlet (beginning point of the 
reactor or 90 degree position of spiral baffle. The starting or the ending edge 





























Flow rate (LPH) 
W/O Spiral baffle 
360 Deg Spiral without gap 
360 Deg Spiral with 0.5cm gap 
720 Deg Spiral with 0.5cm gap 
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 systems, a kinetics study was conducted to 
ascertain their reaction rates. The reaction kinetics for three UV/AOP systems 
obtained from the batch reactor experimental results were described and also 
compared to each other. The kinetics obtained in this study was essential for 
further UV/AOP modeling study with the flow through UV reactor. 
 
4.2.1 Oxidative degradation of BPA in UV/H2O2 system (Phase II)   
To determine the reaction kinetics by the UV/H2O2 system, the initial 
concentrations of 75 ppb BPA and 1000 ppb H2O2 were used. Fig 4.24 shows 
that the BPA degradation followed the pseudo 1
st
 order reaction kinetics where 
BPAe represented the BPA concentration remaining in the solution after a 
specified UV irradiation time while BPAi represented the original BPA 
concentration in solution. Its ‘k’ value was 0.0522 min-1 with R2 value of 
0.9926. The organic removal conformed to the first order kinetics. In a study 
conducted by Pan and Chen (2010) using the initial H2O2 concentrations of 5 
mg/l, 10 mg/L and 20 mg/l with initial BPA concentration of 29.8 mg/L, the 







respectively. The concentration used by Pan and Chen (2010) was higher than 





Fig 4.24 Reaction kinetics of UV/H2O2 system (initial concentration of 75 ppb 
BPA and 1000 ppb H2O2) 
 
Fig 4.25 shows the BPA degradation efficiencies of the UV/H2O2 system 
(Phase II) for different initial BPA concentrations while the H2O2 
concentration was fixed at 1000 ppb and pH 7. BPA degradation efficiency 
increased with increasing UV irradiation time. In this system with initial BPA 
concentrations of 75 ppb, 150 ppb and 200 ppb, residual BPA concentrations 
remaining after 5 mins of UV irradiation were 68%, 68% and 75% of their 
original concentrations, respectively. Conversely, with the UV irradiation 
duration of 30 mins, the percentages of the remaining BPA were 17% of the 
initial 75 ppb BPA, and 23% for initial BPA concentrations of both 150 and 
200 ppb. Adequate UV exposure time was essential to result in complete 
degradation of BPA. In this UV/H2O2 system, it was found that the efficiency 
of the BPA removal process depended on the UV irradiation time rather than 
the initial BPA concentrations. Despite varying initial BPA concentrations 
from 75 to 200 ppb, the extent of BPA degradation did not differ substantially 
for each given UV irradiation time duration.   
 
 
y = -0.0522x 























Fig 4.25 Effect of initial BPA concentration on its degradation – 1000 ppb 
H2O2 (Set 3, 10 and 13 in Table 3.4) 
 
Fig 4.26 shows the impact of different amounts of H2O2 oxidizer on BPA 
degradation for UV/H2O2 system (Phase II). In this case, initial BPA 
concentration was kept constant at 75 ppb and pH maintained at 7 while the 
H2O2 concentrations were varied from 100 to 1000 ppb. For all H2O2 
concentrations tested, the result indicated that  increasing H2O2 oxidizer 
concentrations led to a corresponding increase in BPA degradation except for 
the first 10 mins of UV irradiation where the residual concentration at 1000 
ppb were noted to be slightly higher than that at 500 ppb. The excess hydrogen 
peroxide inhibited the oxidation-reduction process. The excess H2O2 acted as a 
scavenger of hydroxyl radical and consequently decreased the oxidation-
reduction rate. It can be seen at 1000ppb H2O2 concentration Up to 7 mins UV 
irradiaton time where the BPA removal by 1000ppb H2O2 was significantly 
dropped (Fig 4.26). 
 
 At an initial BPA concentration of 75 ppb, residual BPA remaining after 5 





























concentrations of 100, 500 and 1000 ppb, respectively. When the irradiation 
time was increased to 20 mins, the residual BPA were 62%, 41% and 22% for 
H2O2 concentrations of 100 ppb, 500 ppb and 1000 ppb, respectively. At the 
longest UV irradiation time duration tested in this study (30 mins), the residual 
BPA left in the system were at 52%, 33% and 17%, respectively for H2O2 
concentrations of 100, 500 and 1000 ppb. The results indicated that the BPA 
removals depended highly on both UV irradiation time and H2O2 
concentrations while the effect of initial BPA concentrations were not as 
significant in this UV/H2O2 system. Increasing the H2O2 concentration from 
100 ppb to 500 ppb and finally to 1000 ppb doubled the BPA removal at 20 
mins and 30 mins irradiation times. 
 
Fig 4.26 Effect of oxidizer concentration on BPA degradation (75ppb BPA)  
 
Fig 4.27 shows the effect of pH on BPA degradation performance. Different 
pH levels studied were pH 5.5, 7 and 8.5 while the initial BPA concentration 
was maintained at 75 ppb and H2O2 concentration of 1000 ppb, for all pH 


































removal was observed at pH 8.5 in this study. Residual BPA concentrations 
were noted to be at 79%, 68% and 25%, respectively after 5 mins of UV 
irradiation at pH 5.5, 7 and 8.5.  
 
Highest BPA removal rate was found during the first 5 mins of irradiation at 
all pH levels. Among the different pH levels, the highest BPA removal was 
found at pH 8.5 and almost complete degradation was observed after 20 mins 
of UV irradiation. At 20 mins irradiation time, the BPA residuals left were 
54% at pH 5.5, 22% at pH 7 and 1 % of 75 ppb BPA at pH 8.5. Although BPA 
removal increased with increasing irradiation time but this was not dictated by 
any linear relationship. Removal rates at the start of UV irradiation were 
higher especially at a pH of 8.5 and tapered gradually as the irradiation time 
increased. The degradation increments when UV irradiation was increased 
from 5 to 10 mins were 0.07 at pH 5.5, 0.22 at pH 7 and 0.15 at pH 8.5. At 30 
mins irradiation time, the BPA residuals left in the UV/H2O2 system were 49% 
at pH 5.5, 18% at pH 7 and 0% at pH 8.5. This demonstrated that pH was also 
a highly dependent factor on the efficacy of BPA degradation by the UV/H2O2 
AOP systems. This study is in agreement with the results obtained by Yoon et 
al. (2011). Yoon, et al. (2011) obtained the best BPA removal at pH 10. In the 
UV/H2O2 system, the rate of self-decomposition of H2O2 was increased with 










 was increased with increasing pH. Thus, the BPA 





Fig 4.27 Effect of pH on BPA degradation at initial 75 ppb BPA and 1000 ppb 
H2O2 (Set 3,5 and 7 in Table 3.4) 
 
4.2.2 Oxidative degradation of BPA in UV/S2O8
2- 
system (Phase III) 
Fig 4.28 shows the persulfate standard calibration curve. The persulfate 
standard solutions used for the calibration were 0 ppm to 35 ppm with 5ppm 
intervals. All persulfate residuals in each BPA degradation experiments were 
determined by using the calibration graph.  
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Fig 4.29 shows the BPA reaction kinetics for Phase III – UV/ S2O8
2-
 system 
(Set 3). Phase III results indicated that BPA degradation followed a pseudo 1
st
 
order kinetics which was similar to that observed in Phase II – UV/H2O2 
system. However, the k’ value of the UV/S2O8
2-





 = 0.9897) which was more than double of that obtained by the 
UV/H2O2 process.  
 
Fig 4.29 Reaction kinetics of UV/S2O8
2-
 system (initial concentration of 75 
ppb BPA and 1000 ppb H2O2) 
 
This observation indicated that SO4 radical was more effective in oxidation of 
BPA under UV light compared with OH radical. This finding is in agreement 
with that by Yoon et al., 2011. However, in the study documented by Yong et 
al. (2011), the kinetic value was not stated but their results showed that with 
an initial BPA concentration of 50µM, the UV + 0.5mM S2O8
2-
 system 
performed better than UV + 0.5 mM H2O2 system. Since UV light dissociated 
oxidisers into radicals for oxidation of the target compound, efficiencies of the 
AOP processes can therefore be explained by comparing the decay rate of 
radicals in the reaction. The decay rate of SO4 radical (1.6 ×10
8





y = -0.1172x 



































). Hence, the SO4 
radical remained longer in solution and exhibited higher BPA removals than 
the OH radical. 
 
Fig 4.30 shows the BPA degradation efficiencies of the UV/S2O8
2-
 system 
(Phase III) based on different initial BPA concentrations while the oxidizer 
concentration was fixed at 1000 ppb and pH at 7. The significance of this 
system was that the removal efficiency of the UV/S2O8
2-
 system depended 
more on the initial BPA contaminant concentration compared with UV 
irradiation time. With 5 mins of UV irradiation, BPA residuals remaining in 
the system were 54%, 47% and 73% at initial BPA concentrations of 75 ppb, 
150 ppb and 200 ppb, respectively. In comparison to the UV/H2O2 system, 
where BPA residuals were 68%, 68% and 75% of the corresponding initial 
BPA concentrations, the UV/S2O8
2-
 system demonstrated higher BPA removal 
performances at both 75 and 150 ppb BPA concentrations. When UV 
irradiation time was increased to 20 mins, BPA residuals corresponding to 
initial BPA concentrations of 75, 150 and 200 ppb were 11%, 22% and 64%, 
respectively whereas that observed in the UV/H2O2 system were 22%, 41% 
and 46%, respectively. Such phenomenon implied that the removal efficiency 
for the UV/S2O8
2-
 system dramatically decreased at a higher BPA 
concentration of 200 ppb. BPA degradation by the UV/H2O2 AOP was more 
superior to the UV/S2O8
2-
 AOP at BPA concentrations of 200 ppb. However, at 
BPA concentrations lower than 200 ppb, the UV/S2O8
2-
 system appeared to be 
a preferred option when UV irradiation time of less than 20 mins was 
rendered. It is because of increasing the BPA concentration. The solution 
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became less permeable to be penetrated by the UV light. The available UV 
light became less to dissociate oxidizer and reduced the formation of radicals. 
Thus, more BPA has less reaction with OH radicals. The removal rates 
significantly dropped when the [BPA]e/[BPA]o ratio reached 0.22 although UV 
irradiation time was increased from 20 mins to 30 mins. The same ratio of 
BPA and oxidizer was used for peruslfate system. Peroxide system performed 
better than the UV/H2O2 for low initial BPA concentration but the poor 
performance can be seen in high initial BPA concentration.  
 
 
 Fig 4.30 Effect of initial BPA concentrations on BPA degradation with 




When UV irradiation time was increased to 30 mins, BPA residuals left in the 
UV/S2O8
2- 
were 3%, 21% and 61% of the initial BPA concentrations of 75, 
ppb, 150 ppb and 200 ppb, respectively. The additional 10 mins of UV 
irradiation rendered did not appear to improve BPA degradation for both BPA 
concentrations of 150 and 200 ppb when the UV irradiation time was 
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residual BPA concentrations were reduced from 11% to 3%. Such a 
phenomenon was unlike that of the UV/H2O2 system whereby increasing UV 
irradiation time from 20 to 30 mins still resulted in corresponding increase in 




system, the BPA removal efficiency appeared to taper after 5 
mins reaction time particularly for initial BPA concentrations of 150 ppb and 
200 ppb, respectively. It could be possible that the amount of persulfate 
oxidizers was consumed by the system or by the background constituents/ions. 
This is because the oxidation process is non-selective and the radicals formed 
can freely react and oxidize other components present in the water matrix. At a 
lower concentration of 75 ppb, however, increasing the UV irradiation time 
resulted in a corresponding increase in BPA degradation.  
 
The power of persulfate system was producing two radicals concurrently; 
hydroxyl radical and persulfate radical whereas the Peroxide system 
produced the hydroxyl radicals. The drawback of the persulfate system was 
the most persulfate radicals were scavenged by persulfate ions, hydroxyl ions 
and water molecules in the solution. Thus, when the contaminant BPA 
concentration was low, the persulfate process performed better than peroxide 
process because of the additional synergistic effect by peroxide radical. 
When the BPA contaminant concentration in solution was high, the 
formation of radical was low because UV light cannot penetrate the solution 
medium.  As mentioned above, the ions in the solution scavenged persuflate 
radicals. The BPA degradation reaction process has no sufficient persulfate 
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 ion and water molecule scavenged the persulfate radicals 
with high decay rates. The decay rate of persulfate radical with water was 




. The decay rate of persulfate radical with S2O8
.-
 




. The decay rate of persulfate 
radical with OH
-




. Thus, the 
reaction process of persulfate was significantly slower by the ions for 
200ppb BPA solution than that of peroxide process.  
 
The UV/H2O2 process showed a better removal in high BPA concentration 
compared with the UV/S2O8
2-
 system. If the initial BPA concentration was 
reduced or OH radical concentration was increased in persulfate solution, the 
contaminant removal would be increased. Adding some peroxide oxidizer to 
the persulfate process to enhance radical formations was conducted and 
described in next section 4.2.3. 
 
Fig 4.31 shows the effect of the S2O8
2-
 oxidizer concentration on the BPA 




as an oxidizer, the BPA 
was more effectively removed when higher concentrations of oxidizers were 
used. With the initial BPA concentration fixed at 75 ppb, BPA residuals 
remaining in the system were 91%, 83% and 54% with S2O8
2-
 concentrations 
of 100, 500 and 1000 ppb for UV irradiation duration of 5 mins. The 
percentages of residuals in this system were higher than that of the H2O2 
system at oxidizer concentrations of 100 and 500 ppb for both 5 to 20 mins 
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UV irradiations whereas that observed for 1000 ppb oxidizer concentrations 
were lower. At a higher S2O8
2-
 oxidant dose of 1000 ppb, the BPA residual was 
11% as compared to 45% for the UV/H2O2 system. At the longest UV 
irradiation time of 30 mins tested in this study, BPA residuals remaining in the 
system were 52%, 19% and 3% of the original BPA concentration when 
oxidant concentrations were 100, 500 and 1000 ppb, respectively. These 
results were relatively similar to that for the UV/H2O2 system where residual 
BPA concentrations were 52%, 33%, and 17%, respectively. Overall, the BPA 
removal efficiency showed much significance with increasing UV irradiation 




Fig 4.31 Effect of initial oxidizer concentration (75ppb BPA)  
The Oxidizer concentration was one of the important parameters after UV 
irradiation in AOP. Reducing the oxidizer concentration lowered the BPA 
degradation rate in all systems.  If compared the peroxide and persulfate 
systems, the persulfate system showed a better performance at the highest 
1000 ppb persulfate and almost the lowest at 100 ppb persulfate than peroxide 





























showed the best performance at all persulfate concentration and at any UV 
irradiation time. Reducing the oxidizer concentration affected several ways in 
the reaction processes concerning persulfate systems. It not only affected the 
radical with the direct BPA removal but also affected the other radical 
propagation and termination stages such as OH radical, S2O8
.-
 radical and SO4
.-
 
radical. It is because the peruslfate process was a radical simulating process 
whereas peroxide radicals simulated persulfate radicals, persulfate radicals 
simulated peroxide radicals vice versa.   
 
Fig 4.32 shows the effect of pH on BPA removal by the UV/S2O8
2- 
system. It 
was evident that high pH conditions was also preferred for BPA degradation 
using the UV/S2O8
2-
 system (phase III). The lowest BPA degradation occurred 
in the slightly acidic condition of pH 5.5. This observation was different from 
that reported by Yoon et al. (2011) where the BPA degradation performed 
better at pH 10 and pH 4 and the lowest degradation was observed at neutral 
pH 7. The current study of the BPA degradation by the UV/S2O8
2-
 preferred 
slightly alkalinity conditions at pH 8.5.  
 
With the initial BPA concentration maintained at 75 ppb and the H2O2 
concentration of 1000 ppb S2O8
2-
 and pH at 5.5, the residual BPA remaining in 
the UV/S2O8
2- 
system were 95%, 79%, 67%, and 62%, respectively at UV 
irradiation times of 5, 10, 20 and 30mins while that for the UV/H2O2 system 
were 79%, 72%, 54% and 49%. At a low pH of 5.5, BPA degradation 
efficiency for the UV/S2O8
2- 
system was found to be poorer as compared with 
the UV/H2O2
 








 + OH. ) and the OH radical plays major role in 
the removal process. The contribution of SO4 radical with OH radical was 
significant in very basic solution especially pH above 9 (Criquet and Leitner, 
2009). 
 
Fig 4.32 Effect of pH on BPA degradation at initial 75ppb BPA and1000ppb 
S2O8
2-




 system, persulfate radical reacted with OH
-
 anion and produced 
SO4
2-
 anion and OH radical. This process was favored in alkalinity condition. 
Persulfate systems seemed to have lower performance at pH 8.5 than that 
peroxide system. The difference is that the reactants of the systems to form 
OH radials in alkalinity condition; H2O2 in UV/peroxide system and SO4 
radical in the UV/persulfate system. The H2O2 were consumed in peroxide 
system whereas persulfate radicals were consumed in persulfate system. 
Consuming the SO4 radical undergo the persulfate system lower in 
performance compared with peroxide system. The SO4
.-
 was a predominant 
radcial at pH less than 7. Both radicals are dominant near a neutral ph 7 and 


























4.2.3 The oxidative degradation of BPA in UV/H2O2+ S2O8
2-
 system 
(Phase VI)   
Fig 4.33 shows the BPA reaction kinetic of phase IV – UV/H2O2+S2O8
2-
 
system. Results showed that the BPA reaction kinetic followed pseudo 1
st
 
order as observed in the previous phases. The UV/H2O2+S2O8
2-
 system had the 





 value of 0.9874) which showed that this combined 
treatment had the highest reaction rate in removing BPA. This was more than 





Fig 4.33 Reaction kinetics in UV/H2O2+S2O8
2-
 system (initial concentration of 




Fig 4.34 shows the effect of various initial BPA concentrations on its 
degradation in the UV/H2O2+S2O8
2-
system – Phase IV.  A combination of 
500ppb H2O2 and 500ppb S2O8
2-
 were used. The significance of this system 
was the efficiency of the BPA removal process depended on both the 
irradiation time and the initial BPA contaminant concentrations. For the initial 
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system where a high degradation rate was observed during this initial phase. In 
the UV/S2O8
2- 
system, the BPA residuals were 54%, 47% and 73% at initial 
BPA concentrations of 75, 150 and 200 ppb, respectively while that for the 
UV/H2O2+S2O8
2- 
system was observed to be 63%, 47% and 71% when 
subjected to 5 mins of irradiation time. BPA degradation at 75 ppb BPA 
concentration was lower than that at a higher BPA concentration of 150 ppb 
for both UV/S2O8
2-
 system and the combined UV/H2O2+S2O8
2-
system. 
However, in general, initial BPA degradation rates for both systems were 
characterized by a rapid increase in reaction rate within the first 10 mins and 
tapered to a more gradual rate as irradiation time increased beyond 10 mins. 
 
Fig 4.34 Effect of BPA initial concentration on BPA degradation (500 ppb 
H2O2 + 500 ppb S2O8
2-
 system  
 
At longer UV irradiation times at 10 mins, 20 mins and 30 mins, the highest 
removal was found in the UV/H2O2+S2O8
2- 
system than the other two systems. 
With 30 mins irradiation time, residual BPA concentrations were 1.5%, 13% 
and 21% of the original BPA concentrations at 75 ppb, 150 ppb and 200 ppb, 
respectively whereas that observed in the UV/S2O8
2-
system were 3%, 21% and 



























system was effective in BPA degradation particularly at low 
BPA concentrations of 75 ppb whereas the UV/H2O2 system was more 
effective at a higher contaminant concentration. With the combined system, 
the overall efficacy observed for BPA concentration range of 75 to 200 ppb 
could be due to the combined effect of both OH and SO4 radicals at these 
contaminant concentrations evaluated.  
 
Fig 4.35 shows the correlation between BPA removals and the 
combined/mixed H2O2 and S2O8
2-
 oxidizers at a fixed initial BPA 
concentration of 75 ppb. The different oxidizer ratios such as 100 ppb 
peroxide + 100 ppb persulfate, 250 ppb peroxide + 250 ppb persulfate, and 
500 ppb peroxide + 500 ppb persulfate were evaluated. The highest oxidizer 
concentration of the combination of 500 ppb peroxide + 500ppb persulfate 
provided the better BPA removal performance at all irradiation times. In this 
UV/H2O2+S2O8
2- 
system with varying oxidant concentrations, BPA residuals 
were observed to be 77%, 72% and 63% at mixed oxidizer concentrations of 
200, 500 and 1000 ppb, respectively when subjected to 5 mins irradiation 
time. In the UV/H2O2 system, however, BPA residuals were at 59% and 68% 
with H2O2 concentrations of 500 and 1000 ppb, respectively when subjected to 
5 mins irradiation time while that for the UV/S2O8
2-
 systems were 83% and 
54%, respectively.  
 
At 30 mins irradiation time, the BPA residuals left in the UV/H2O2+S2O8
2-
 
were 31%, 21 and 1% at the combined oxidizer concentrations of 200 ppb, 
500 ppb, and 1000 ppb, respectively. This removal efficiency was much higher 
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than that observed for UV/H2O2 system in which 30 mins of irradiation time 
resulted in residual BPA at 33% and 17% of original concentrations when 
H2O2 concentrations of 500 ppb and 1000 ppb were applied, respectively. In 
contrast, residual BPA concentrations remaining in the UV/S2O8
2- 
system were 
lower at 19% and 3% with oxidant concentrations of 500 ppb and 1000 ppb, 
respectively.  
 
Fig 4.35 Effect of the initial combined oxidizer H2O2+S2O8
2-
 concentration on 
BPA degradation (75 ppb BPA)  
 
Fig 4.36 shows the effects of pH on the combined oxidizer system - 
UV/H2O2+S2O8
2-
. It can be clearly seen that BPA degradation for the 
UV/H2O2+S2O8
2-
 system (phase VI) also preferred high pH condition as that 
observed in phase II - UV/H2O2 and phase III - UV/S2O8
2-
. Favorable BPA 
degradation occurred in high pH condition of pH 8.5 evaluated in this study. 
BPA concentration was maintained at 75 ppb while combined oxidizers 500 
ppb H2O2 + 500 ppb S2O8
2-
 were applied for different UV irradiation 
durations. At pH 5.5, BPA residuals in this system were 96%, 93%, 87% and 


















Irradiation time (mins) 
100ppb peroxide + 100ppb persulfate 
250ppb peroxide + 250ppb persulfate 
500ppb peroxide + 500ppb persulfate 
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observed in the UV/H2O2 system was at 79%, 72%, 54% and 49%. Likewise, 
BPA residuals in the UV/S2O8
2- 
system was 95%, 79%, 67% and 62%, 
respectively with irradiation times of 5, 10, 20 and 30 mins. At the low pH of 
5.5, the combined oxidant scenario was more closely related to the UV/S2O8
2- 
system which did not perform better than the UV/H2O2 system for BPA 
degradation. The persulfate oxidiser was more reluctant to degrade BPA in low 
pH condition compared with the peroxide oxidizer in the UV/H2O2
 
system. 
For the combined condition, substantial BPA degradation was observed at 20 
mins irradiation time at favourable pH conditions of 7 and 8.5.   
 
 
Fig 4.36 Effect of pH on BPA degradation (at 75 ppb BPA and 500 ppb 







4.2.4 The comparison of the three UV systems; Phase II, III and IV 
The BPA removal, the oxidant residual and the intermediate product of the 
three Phases (UV/H2O2 system, UV/S2O8
2-
 system and UV/H2O2+S2O8
2-
 
system) were compared based on fixed oxidizer, BPA concentration and pH 
























of typical drinking water treatment pH and was therefore evaluated at this 
stage. Fig 4.37 shows the BPA removal performance by each UV/AOP system. 
For phase IV, the oxidizers of 500 ppb H2O2 and 500 ppb S2O8
2-
 were 
combined to result in an overall oxidant concentration of 1000 ppb. It can be 
clearly seen from Fig 4.50 that the BPA removal performance increased with 
increasing the irradiation time for all the UV systems and this was 
characterized with higher degradation rates during the first 10 mins of UV 
irradiation. Among the systems, BPA residuals were 67% of the initial 
concentration BPA at Phase II, 54% at Phase III, and 63 % at phase IV after 5 
mins irradiation time. Phase III - UV/S2O8
2-
 system showed the highest BPA 
removal up to 8 mins irradiation time. 
 
Fig 4.37 Comparison of three phases on BPA degradation efficiency (75ppb 
BPA)  
 
From 10 mins to 30 mins, phase IV showed the higher BPA removal than 
phase III. At the end of 30 mins irradiation time, both phase III and phase IV 
showed non-detectable BPA residuals left in the systems while 17% of the 
original BPA concentration was still detected in phase II–UV/H2O2 system. 























Irradiation time (mins) 
Phase II: 1000ppb peroxide 
Phase III: 1000ppb persulfate 
Phase IV: 1000ppb peroxide+persulfate 
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longer irradiation time and henceforth, further analysis was done to ascertain 
the irradiation time required for complete BPA degradation using this system. 
It was found that 60 mins irradiation time was required to consume all BPA by 
phase II - UV/H2O2 system whereas Phase III and Phase IV consumed all BPA 
in 30mins irradiation time. Unlike Phase II which was dependent more on the 
UV irradiation time, BPA removal efficiencies by Phase III system, however, 
depended more on the initial target contaminant concentration. Phase III had 
higher BPA removal up to 8 mins irradiation time but dropped after 8 mins 
probably due to the reduction in persulate ions in the UV/S2O8
2-
 system.  
Fig 4.38 shows the oxidant residual comparison among the three systems with 
fixed initial BPA concentrations of 75 ppb, where [oxidizer]e represented the 
oxidizer concentration remaining at each specified irradiation time while 
[oxidizer]i represented the initial oxidizer concentration. The UV/H2O2 system 
was observed to consume more H2O2 oxidants in the long run. As a result, the 
amount of oxidant (H2O2 residue) remaining in the UV/H2O2 system was the 
lowest among the three systems particularly after 20 and 30 mins of UV 
irradiation. The UV/S2O8
2- 
system consumed less persulfate oxidant at all 
irradiation times than the other two UV systems. Up to 5 mins irradiation time, 
the combined system – phase IV (with 500ppb H2O2 and 500ppb S2O8
2-
) 
consumed the highest quantities of oxidizer for the degradation of 75ppb BPA, 
with a corresponding oxidant residual at 87% of its original concentration. 
Oxidizer residue for the UV/H2O2 system was at 89% whereas that for the 
UV/S2O8
2-
 system, which consumed the least oxidants, was at 95%. 





system was 81% whereas 82% by the UV/H2O2 system and 90% by the 
UV/S2O8
2-
 system.  The oxidizer consumption by the UV/H2O2+S2O8
2-
 system 
was noted to decrease only after 11 mins irradiation time, as compared to the 
UV/H2O2 system. At 20 mins irradiation time, the oxidizer residuals left were 
79% of the initial concentration for the UV/S2O8
2-
 system, 69% at the 
UV/H2O2+S2O8
2-
 system and 63% at the UV/H2O2 system. At 30 mins 
irradiation time, oxidizer residuals for the three systems were 55%, 51% and 




 and the UV/H2O2 
system. 
 
Fig 4.38 Analysis of oxidant residuals to degrade 75ppb BPA  
 
It was observed that the oxidizer consumption was higher between 20 mins to 
30 mins irradiation time than that between 10 to 20 mins irradiation time for 
both UV/H2O2 system and UV/S2O8
2-
 system. However, the increase in 
oxidant consumption did not differ for both irradiation time durations between 
10 to 20 mins and between 20 to 30 mins. In this study, formaldehyde, an 




























Irradiation time (mins) 
Phase II:1000ppb peroxide 
Phase III:1000ppb persulfate 
Phase IV: 1000ppb peroxide+ persulfate 
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Fig 4.39 shows the comparison of the intermediate product formation by the 
UV/H2O2 system, the UV/S2O8
2-
 system, and the UV/H2O2+S2O8
2-
 system. 
The formaldehyde formation by the UV/H2O2 system was observed to be 
higher than that of the UV/S2O8
2-
 system. The lowest formation of 
intermediate product was seen in the UV/S2O8
2-
 system at all irradiation 
durations tested. At 5 mins irradiation time, the difference in formaldehyde 
formation was not distinct particularly for Phase II and Phase III systems. It 
was 11% in the UV/H2O2 system, 12% in the UV/S2O8
2-
 system and 18% in 
the combined UV/H2O2+S2O8
2-
 system. The difference between the UV/H2O2 
system and the UV/S2O8
2-
 system was 1% but 6% between the UV/S2O8
2-
 
system and the UV/H2O2+S2O8
2-
 system. Such a phenomenon in the 
UV/H2O2+S2O8
2-
 system could be explained by the BPA degradation 
performance where higher removals were observed in this system (Fig 4.39). 
At 30 mins irradiation time, the ratio of formaldehyde/BPA concentrations 








It was found that the BPA degradation efficiencies by the UV/S2O8
2-
 and the 
UV/H2O2+S2O8
2-
 systems were affected by the reaction time. The 
formaldehyde formation for both these systems decreased after 20 minutes of 
reaction time and it was not detected after 60 minutes reaction time. One 
possible reason could be the near-complete degradation of BPA at this long 
irradiation time. The corresponding BPA residuals at 30 mins irradiation time 
were 3% for the UV/S2O8
2-
 system and 1.5% for the UV/H2O2+S2O8
2-
 system. 
Therefore, the amount of BPA remaining for oxidation into formaldehyde is 
low for the UV/S2O8
2-
 system and the UV/H2O2+S2O8
2-
 system after 30 mins. 
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Moreover, all formaldehyde products totally disappeared at 60 mins. This 
observation suggested that the formaldehyde completed converted to other 
compounds at the end of 60 mins irradiation time. Credential et al. (2005) also 
noted that no byproducts will be formed if the adequate reaction time was 
provided for degradation.  
 
Fig 4.39 Effect of BPA mineralization by different UV/AOP systems  
 
There were three UV/AOP systems. In each system, the reaction rate constant 
k’ was determined by fixing the initial concentration 1000ppb oxidizer and the 
initial concentration 75ppb BPA at neutral pH (Tap water). The final 
concentrations of BPA, H2O2, and S2O8
2-
 and pH were investigated for the 
various combinations at 5, 10, 20 and 30 mins UV irradiation times. In 
addition, the formaldehyde product was occurred at all systems and at all pHs. 
The formaldehyde product completely disappeared at the combined persulfate 
system at 60 mins UV irradiation time. The 60 mins UV irradiation result was 
not described in Figures. The BPA mineralization by each system was shown 
as below from Fig 4.40 to 4.42. The formaldehyde product comparison at a 
























Irradiation time (mins) 
Phase II - UV/peroxide 
Phase III - UV/persulfate 





Fig 4.40 BPA mineralization. Top ellipse: pH 8.5, middle circle: pH 7 and 




Fig 4.41 BPA mineralization. Top ellipse: pH 8.5, middle circle: pH 7 and 















































































Fig 4.42 BPA mineralization. Top ellipse: pH 8. 5, middle circle: pH 7 and 




4.3 CFD modeling for BPA removals and UV/AOP disinfection 
The flow through UV reactor was used for transporting the chemical species 
namely H2O2 and S2O8
2-
 to evaluate BPA degradation process and MS2 
disinfection. The processes were defined as follows. They are: 
















































In the subsequent section, the three processes were compared in terms of (1) 
BPA removal efficiencies, (2) presence of residual oxidizer (3) MS2 removal 
efficiencies and (4) presence of intermediate product, formaldehyde. 
 
4.3.1 CFD/UV/H2O2 AOP modeling for oxidation of BPA and MS2 
disinfection (Phase II) 
Fig 4.43 shows BPA removal efficiencies at a fixed oxidizer concentration of 
1000 ppb H2O2, with different flow rates and different BPA initial 
concentrations. At a given BPA concentration, increasing the flow resulted in 
a concurrent but not linearized decrease in BPA removal efficiency. At a fixed 
oxidizer concentration, higher BPA removal efficiencies were observed for 
systems with lower initial BPA concentrations for a given flow rate.  At an 
initial BPA concentration of 75 ppb, increasing the flow from 400 LPH to 500 
LPH resulted in a decrease in the BPA removal from 28.1% to 19.7%, a 
difference of 8.4%. By increasing the flow from 500 to 600 LPH, BPA 
removal further dropped from 17.8% to 14.4%, a difference of 4.4%. An 
increase from 600 to 700 LPH resulted in BPA removal efficiencies reducing 
by 3.3%, from 14.4% to 11.1%.At moderate initial BPA concentration of 50 
ppb, increasing the flow from 400 LPH to 500 LPH resulted in a decrease in 





Fig 4.43 Effect of initial BPA concentration on BPA degradation at fixed 
1000ppb H2O2 (UV/H2O2 system - Phase II) 
 
When the flow rate was increased from 500 to 700 LPH with 100 LPH 
interval, the magnitude of reduction in BPA removal further decreased from 
6.9% to 4.3%, respectively. The differences (i.e. reduction) in BPA removal 
efficiencies resulting from every 100 LPH step increase in flow rate from 400 
to 700 LPH was lower for initial BPA concentration of 75 ppb as compared to 
50 ppb. When the flow increased, the chemical oxidizer species inside the UV 
reactor moved faster and experienced a shorter residence time within the zone 
of influence of the UV light and therefore, the reduction in reaction time 
resulted in decreased BPA removal.  However, the impact of change in flow 
rate on BPA removal efficiencies was more pronounced at a higher initial 


































































































Likewise, at a fixed flow rate of 400 LPH, reducing initial BPA concentrations 
from 75 ppb to 50 ppb resulted in increased BPA removal efficiencies from 
28.1% to 36.1%, a difference of 8%. A further reduction in BPA concentration 
form 50 to 25 ppb resulted in corresponding increase in BPA removal to 59%. 
When the flow rate was increased to 500 LPH, reducing the BPA 
concentration from 75 ppb to 50 ppb improved the BPA removal from 19.7% 
to 25.1%, a difference of 5.4%. The BPA removal further increased to 41.29% 
when the initial BPA concentration was reduced from 50ppb to 25ppb. This 
was due to the increased chance for the excessive amounts of OH radicals to 
oxidize BPA species when the BPA concentration was lower.  
 
At each fixed BPA concentration and oxidizer concentration, the highest BPA 
removal efficiency was found at the lowest flow rate of 400LPH. The highest 
removal was at 59% under flow rate scenario of 400 LPH at initial BPA 
concentration of 25 ppb while the lowest removal was observed to be 11.1% at 
700 LPH when initial BPA concentration was 75 ppb in the UV/H2O2 system. 
At the highest fluid flow velocity of 700 LPH, the chemical species/particles 
quickly travelled and existed the reactor. As a result, the chemical oxidizer 
species inside the UV reactor experienced a shorter residence time. This 
phenomenon in turn caused the chemical oxidizer particles to receive the 
lesser UV light exposure, produced less OH radicals. Therefore, the lesser 
amount of BPA was decomposed during the AOP.  
 
Fig 4.44 shows the percentage of H2O2 oxidant residuals corresponding to the 
removal of BPA with initial concentrations of 25, 50 and 75 ppb and flow 
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rates ranging from 400 to 700 LPH. Initial H2O2 concentrations were fixed at 
1000 ppb. Results indicated that the H2O2 residual increased with the 
increasing flow velocities. Increasing the flow from 400 LPH to 500 LPH 
increased the oxidizer residual from 43% to 45.5%, a difference of 2.2%. By 
increasing the flow from 500 to 600 LPH and from 600 to 700 LPH, H2O2 
residual further increased from 45.5 to 48.5%, and finally to 51.5% 
corresponding to flow rate of 700 LPH. The difference resulting from each 
100 LPH increase in flow rate between 500 to 700 LPH resulted in a 
concurrent 3% increase in oxidant residuals.  
 
The lowered UV exposure time resulting from the incremental change flow 
rate from 400 to 700 LPH resulted in a relatively proportionate increase in 
oxidant residual remaining in the system. This translated to insufficient time 
allowed for the dissociation of H2O2 into OH radicals with increasing the flow. 
In this study, the lowest oxidant residual was observed to be 43% (at 400 
LPH) and the highest amount was 51.5% (at 700 LPH). No differences in 
oxidant residuals were observed for different BPA concentrations as the water 
matrices for all systems were similar and the oxidant dissociation rate was 
independent of the contaminant concentration. Rather, the dissociation was a 




Fig 4.44  Analysis of H2O2 oxidant residual at different BPA concentrations 
 
Fig. 4.45 shows the amount of the intermediate product, formaldehyde, formed 
during the degradation of BPA in drinking water using the UV/H2O2 system. 
Unlike the oxidant residual which was a function of flow rate (i.e. residence 
time), the extent of formaldehyde formation served as an indication on the 
efficiency of BPA conversion in the presence of radicals. This hence depended 
on the BPA concentration. At each given flow rate, highest formaldehyde 
formation corresponded with situations when initial BPA concentration was 
the highest. Initial BPA concentrations correlated well with formaldehyde 
formation. At an initial fixed flow rate of 400 LPH, 41.5 ug/L, 35.6 ug/L and 
29.7 ug/L of formaldehyde were formed at initial BPA concentrations of 75 
ppb, 50ppb and 25 ppb, respectively. The increasing flow rates through the 
UV reactor led to the concurrent reductions in BPA degradation and hence 




























































































Fig 4.45  Analysis of BPA mineralization (UV/H2O2 system - Phase II) 
 
Fig 4.46 shows the MS2 log inactivation comparison by UV and UV based 
oxidation process (UV/H2O2 AOP). The flow rate from 300 – 900 LPH was 
conducted in experiment. The flow rates recommended by the manufacture 
were from 400–900 LPH. The CFD disinfection model used 400 LPH in the 
validation with the experimental result and 300 LPH additionally was 
predicted. It can be seen that UV/H2O2 AOP treatment provided for synergistic 
disinfection while removing the BPA contaminant at lower flow rates of 300 - 
400 LPH. At these lower flow rates, the modeled MS2 disinfection by the UV 
AOP system was higher than that observed in the experimental results. The 
higher UV dose (intensity x time) which MS2 was exposed to at the lower 
flow velocities resulted in the highest inactivation and that at 400 LPH 
corresponded to an approximate UV dose of 80 mJ/cm
2
, rendering 4.25 log 
MS2 inactivation. The UV dose required to inactivate MS2 was much less 

















































































Fig 4.46  Comparison of MS2 log inactivations (UV/H2O2 AOP – Phase II) 
 
Increasing the flow from 400 LPH to 500 LPH decreased the MS2 log 
removal from 4.25 to 3.25 log, which was higher than the experimental and 
CFD/UV disinfection results of 3.44 and 3.23 logs at 500 LPH. By increasing 
the flow from 500 to 900 LPH, MS2 log removal by the UV/S2O8
2-
 was 
relatively similar to results in CFD/UV disinfection (Section 4.3.2). When the 
flow was reduced from 400 to 300 LPH, the UV/H2O2 MS2 log removal was 
significantly increased from 4.25 to 5.2 log. At the low flow rate, H2O2 are 
sufficiently dissociated to OH radicals, which also played a role in 
oxidizing/inactivating MS2, coupled with direct UV light inactivation. At 400 
LPH, the minimum and the maximum UV doses for UV disinfection were 
636.04 and 6707.17 J/m
2 










) is required for 4 log MS2 inactivation (USEPA, 2006a). The 
microorganisms with UV dose less than 80 mJ/cm
2
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 AOP modeling for oxidation of BPA and MS2 
disinfection (Phase III) 
Fig 4.47 shows the BPA removals at the same persulfate concentration and at 
different volume flow rates. The BPA concentrations used in this study were 
25, 50 and 75 ppb as in Phase II – UV/H2O2. At 75 ppb BPA concentration, 
the BPA removal decreased with the increasing flow velocities. For 75 ppb 
BPA case, increasing the flow from 400 to 500 LPH decreased the BPA 
removal from 32.7% to 23% of the initial concentration 75 ppb BPA, a 
difference of 9.7%. By increasing the flow from 500 to 600 LPH, the BPA 
removal further dropped from 23% to 20.9%, a difference of 2.1%. The total 
BPA removal dropped was higher in this system than that of the UV/H2O2 
where the removal were 59% at 400 LPH and 11.1% at 700 LPH. 
 





 system - Phase III) 
 
The BPA removal in this system was higher than that in the UV/H2O2 system 
where the BPA removals were 28.1% at 400 LPH and 11.3% at 700 LPH. At 



































































































became constant. This was caused by the persulfate reaction kinetics and the 
concentration run was very low for CFD model. The radical process has multi 
step reaction mechanisms. Each mechanism has the dissociation or decay rate. 
Criquent and leitner (2009) have pointed that these experimental rates are 
different from papers to papers. The rates of Persulfate radicals decayed and 































. The current study selected the similar rates obtained by Criquet and 
Leitner (2009) who experimentally analysed each kinetics by applying acetic 
acid and persulfate chemical.  
 
Fig 4.48 shows the S2O8
2-
 oxidant residual with respect to various flow rate as 
well as different initial BPA concentrations; 25, 50 and 75ppb. The result 
indicates the increasing S2O8
2-
 residual with increasing flow rates. Increasing 
the flow from 400 LPH to 500 LPH increased the oxidizer residual 44.7% to 
48.4% of the initial concentration 1000ppb H2O2, a difference of 3.7%. By 
increasing the flow from 500 to 600 LPH, the H2O2 residual further increased 
from 48.4 to 53.3%, a difference of 4.9%. From 600 to 700 LPH, the H2O2 
residual increased from 53.3% to 55.1%, a difference of 1.8%, total difference 
was 10.4%.  The S2O8
2-
 residual at each flow was higher than that H2O2 
residual in the UV/H2O2 system at initial concentration 75 ppb BPA where 
43%, 45.5%, 48.5%, and 51.5% in the UV/H2O2 system. However, the total 
residual difference 10.4% in the UV/S2O8
2-
 was higher than that 8.5% in 
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UV/H2O2 system. The UV/S2O8
2-
 AOP removed more BPA and left more 
oxidant residual in the system than the UV/H2O2 AOP. 
 
 
Fig 4.48  Analysis of S2O8
2-
 oxidant residual at different level of BPA 
concentration (UV/S2O8
2-
 system - Phase III) 
 
 
Fig. 4.49 shows the amount of the intermediate product formaldehyde (CH2O) 
formed during the removal of BPA from drinking water in UV/S2O8
2-
 system - 
Phase III. BPA was partially converted to formaldehyde during the reaction 
process. The initial concentration of 75 ppb BPA produced 48.3 ug/l of CH2O 
whereas 50 ppb BPA produced 39.4 ug/l of CH2O and 25 ppb BPA produced 
20.9 ug/l of CH2O at fixed 400 LPH. It was also found that the formaldehyde 
formation decreased with increasing volume flow rate. At fixed initial 
concentration 75 ppb BPA, increasing the flow from 400 LPH to 500 LPH 
decreased the formation of CH2O 48.3 ug/l to 34.1 ug/l, a difference of 14.2%. 
By increasing the flow from 500 to 600 LPH, the formation of CH2O further 


































































































LPH, the CH2O formation decreased from 31ug/l to 18.3 ug/l, a difference of 
12.7%. The total difference of CH2O formation between 400 LPH and 700 
LPH was 30 ug/l. 
 
 
Fig 4.49  Analysis of BPA mineralization (UV/S2O8
2-
 system - Phase III) 
 
Fig 4.50 shows the MS2 log inactivation comparison by the UV alone and the 
UV based oxidation process (UV/S2O8
2-
 AOP – Phase III). It can be seen that 
the UV/S2O8
2-
AOP treatment provided the synergistic disinfection while 
removing the BPA contaminant. It is because the UV dose required to 
inactivate the microorganisms was much less than that to oxidize BPA species. 
In addition, the higher disinfection was obtained along the various flow 
velocities. Increasing the flow from 400 LPH to 500 LPH decreased the 
UV/S2O8
2-
 MS2 log removal from 5.01 to 3.99 that was higher than the 














































































By increasing the flow from 500 to 600 LPH, the UV/S2O8
2-
 MS2 log removal 
further dropped from 3.04 to 2.59 whereas the experimental and the CFD/UV 
disinfection showed 3.04 and 2.81 at 600 LPH. From 600 to 700 LPH, the 
UV/S2O8
2-
 MS2 log removal further dropped from 3.45 to 3.08 log which was 
higher than the experimental disinfection and the CFD/UV disinfection of 2.71 
and 2.35 log at 700 LPH. It is because the microorganisms in the UV/S2O8
2-
 
obtained higher min UV dose and higher maximum dose compared with the 
case UV alone – Phase I.  At 400 LPH, the minimum and maximum UV doses 
in the reactor by UV alone were 636.04 J/m
2
 and 6707.17 J/m
2 
whereas the 










Fig 4.50  Comparison of MS2 log inactivations (UV/S2O8
2- 


























Flow Rates (LPH) 
EXP- UV/MS2 






 AOP modeling for oxidation of BPA and 
MS2 disinfection (Phase VI) 
Fig 4.51 shows the BPA removals when two different oxidizers were equally 
mixed and applied. The BPA concentrations used were 25, 50 and 75 ppb as in 
Phase II – UV/H2O2 and Phase III – UV/S2O8
2-
. The oxidizer concentration 





system used the combination of 500 ppb 
H2O2 and 500 ppb S2O8
2-
 and the concentrations of oxidizer were kept 
constant. Similarly, it was found that the lowest flow rate provided the highest 
BPA removal whereas the highest flow rate provided the lowest BPA removal 
at all 25, 50 and 75 ppb BPA concentrations used in water. 
 
For 75 ppb BPA case, increasing the flow from 400 LPH to 500 LPH 
decreased the BPA removal from 37% to 25.2% of the initial concentration 75 
ppb BPA, a difference of 11.8%. By increasing the flow from 500 to 600 LPH, 
the BPA removal further dropped from 25.2 to 21%, a difference of 4.2%. 
From 600 to 700 LPH, the BPA removal dropped from 21 to 16.2%, a 
difference of 4.8%. The total BPA removal difference from 400 LPH to 700 
LPH was 20.8%. For 25 ppb BPA case, increasing the flow from 400 LPH to 
500 LPH decreased the BPA removal from 83.7% to 64.6% of the initial BPA 
concentration 25 ppb BPA, a difference of 22.7%.  
 
By increasing the flow from 500 to 600 LPH, the BPA removal further 
dropped from 64.6% to 50%, a difference of 14.6%. From 600 to 700 LPH, 
the BPA removal dropped from 50 to 37.6%, a difference of 12.4%. The total 
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BPA removal difference from 400 LPH to 700 LPH was 46.1%. Decreasing 
the BPA initial concentration from 75 ppb to 25 ppb increased the removal 
difference from 20.8% to 46.1%. Compared with other two cases, the BPA 
removal overall difference 20.8% by 75 ppb BPA case in UV/H2O2+S2O8
2-
 










 system - Phase IV) 
 
Fig 4.52 shows the H2O2 oxidant residual at different levels of initial BPA 
concentration in the UV/H2O2+S2O8
2-
 system - Phase VI. The total oxidizer 
concentration was set at 1000 ppb where the H2O2 concentration was 500 ppb. 
At each volume flow rate, the H2O2 residuals almost remained the same. The 
H2O2 residuals were 84.4% at 400 LPH, 89.5% at 500 LPH, 89.7% at 600 
LPH and 91.3% at 700 LPH. As it was combining two high potential 
oxidizers, both S2O8
2-
 oxidizer and H2O2 generated OH radicals which reacted 
with BPA and degraded BPA under UV irradiation. The OH radicals 

































































































maintained its concentration at a constant situation in the end of the process. 
Thus, H2O2 residual remained the same at higher flow velocities and at 
different BPA concentrations. 
 
Fig 4.52  Analysis of H2O2 oxidant residual at different level of BPA 
concentration (UV/H2O2+S2O8
2- 
system - Phase IV) 
 
Fig 4.53 shows the S2O8
2-
 oxidant residual at different levels of initial BPA 
concentration in the UV/H2O2+S2O8
2-
system - Phase VI. The total oxidizer 
concentration was set at 1000 ppb (500 ppb H2O2+500 ppb S2O8
2-
). Although 
the H2O2 residuals almost remained the same at all volume flow rates, S2O8
2-
 
residuals varied with flow velocities. It can be seen that the persulfate was 
consumed more in the process compared with the peroxide consuming in 
peroxide system. During the process, the S2O8
2-
 oxidizer generated both SO4 
radicals and OH radicals whereas H2O2 generate OH radicals. The OH radical 
produced by persufalte oxidizer combined with that produced by H2O2 
oxidizer. Therefore, persulfate oxidizer was decreased while H2O2 oxidizers 
maintained constant. That is why the persulfate oxidizer residual was lesser 


































































































residuals were lower than H2O2 residuals. The S2O8 residuals were 71% at 400 
LPH, 81.5% at 500 LPH, 83.8% at 600 LPH and 87.2% at 700 LPH where 
H2O2 residuals were 84.4%, 89.5%, 89.7% and 91.3%. 
 
Fig 4.53  Analysis of S2O8
2-
 oxidant residual at different level of BPA 
concentration (UV/H2O2+S2O8
2-
system - Phase IV) 
 
Fig. 4.54 shows the formation of the intermediate product formaldehyde by 
the combined UV/H2O2+S2O8
2-
 system when removing BPA. The result 
indicates that the formaldehyde formation decreased with increasing volume 
flow rates at every initial BPA concentration. At fixed initial concentration 75 
ppb BPA, increasing the flow from 400 LPH to 500 LPH decreased the 
formation of CH2O 35.4 to 30 ug/L, a difference of 5.4%. By increasing the 
flow from 500 to 600 LPH, the formation of CH2O further decreased from 
30ug/L to 21.9ug/L, a difference of 8.1%. The total difference of CH2O 
formation between 400 LPH and 700 LPH in the UV/H2O2+S2O8
2-
 system was 
15.2ug/L where 30ug/L in the UV/S2O8
2-
 system and 25.4ug/L. The combined 


































































































However, the formation of the formaldehyde was almost constant at all of the 
different BPA concentrations. It could be due to the lower initial BPA 
concentrations for CFD model simulation; 25 ppb and 50 ppb.   
 
Fig 4.54  Analysis of BPA mineralization (UV/H2O2+S2O8
2-
 system - Phase 
IV) 
 
Fig 4.55 shows the MS2 log inactivation comparison by UV and UV based 
oxidation process (UV/H2O2+S2O8
2-
 system-Phase IV). In this case, the 
UV/H2O2+S2O8
2-
 disinfection shows lower UV disinfection than any other 
results. Increasing the flow from 400 LPH to 500 LPH decreased the 
UV/H2O2+S2O8
2-
 MS2 log removal from 3.91 to 3.04 whereas the 
experimental and CFD/UV disinfection results showed 3.44 log and 3.23 log 
at 500 LPH. By increasing the flow from 500 to 600 LPH, the 
UV/H2O2+S2O8
2-
 MS2 log removal further dropped from 3.04 to 2.59 whereas 
the experimental and CFD/UV disinfection showed 3.04 log and 2.81 log at 
600 LPH. From 600 to 700 LPH, the UV/H2O2+S2O8
2-
 MS2 log removal 

















































































disinfection showed 2.71 log and 2.35 log at 700 LPH. The lower residence 
time with the lower UV dose received by the microorganisms was observed in 
CFD simulation data for the combined UV/H2O2+S2O8
2-
 system.  
 
Fig 4.55  Comparison of MS2 log inactivations (UV/H2O2+S2O8
2-




4.3.4 Effect of oxidizer concentrations and UV/H2O2+S2O8
2-
 system - 
Phase IV 
Fig 4.56 shows the effect of initial oxidizer concentration on BPA degradation 
at various flows in the UV/H2O2+S2O8
2-
 system. In this case, the same initial 
BPA concentration 75 ppb was used. Increasing the chemical oxidizer 
concentrations enhanced the BPA removal. At the flow of 400 LPH, 
increasing the oxidizer concentrations from 1000 ppb to 1500 ppb improved 
the BPA removal from 37% to 48.8%, a difference of 18.8%. Doubling the 
oxidizers increased 23.6% of BPA removal at 400 LPH. At the flow 700 LPH, 
increasing the oxidizer concentrations from 1000 ppb to 1500 ppb improved 




























Flow rates (LPH) 





oxidizers increased 10.6% of BPA removal at 700 LPH. Increasing the flow 
from 500 LPH to 600 LPH decreased the BPA removal from 45.1% to 35.5% 
of the initial BPA concentration 75 ppb BPA, a difference of 0.6%.  From 600 
to 700 LPH, the BPA removal dropped from 35.5% to 26.8%, a difference of 
8.7%.   
 
Fig 4.56  Effect of oxidizer concentration on BPA degradation at fixed 75ppb 
BPA (UV/S2O8
2-
 system - Phase III) 
 
Fig 4.57 shows the H2O2 oxidant residual at fixed BPA concentration in the 
UV/H2O2+S2O8
2- 
system - Phase IV. It was found that the H2O2 residual 
slightly increased with increasing volume flow rates in the combined system - 
































































































Fig 4.57  Analysis of H2O2 oxidant residual at different level of BPA 
concentration (UV/H2O2+ S2O8
2-
 system - Phase IV) 
 
Fig 4.58 shows the S2O8
2-
 oxidant residual on BPA degradation in the 
UV/H2O2+ S2O8
2- 
system - Phase IV. In this result, S2O8
2-
 residuals varied 
with varying volume flow rates. At a fixed volume flow rate, the residual was 
the same because of higher concentration of oxidizer compared with the initial 
BPA concentration.  
 
Fig 4.58  Analysis of S2O8
2-
 oxidant residual at different level of BPA 
concentration (UV/H2O2+ S2O8
2-











































































































































































































Fig. 4.59 shows the formation of the intermediate product formaldehyde on 
removing BPA by the combined oxidizers system – UV/H2O2+S2O8
2-
system-
Phase VI. The result indicates that the formaldehyde formation decreased with 
increasing flow velocity at every fixed initial BPA concentration. The 
residence time was a control factor to eliminate all by products in BPA 
mineralization. The residence time of the chemical species in a flow through 
reactor was the particle’s travelling time from the reactor inlet to the reactor 
outlet. Increasing the flow rate decreased the residence time of a particle. 
Based on the different residence time, the byproducts and intermediate 
products were differently produced. 
 
Fig 4.59  Analysis of BPA mineralization (UV/H2O2+S2O8
2-
 system-Phase VI) 
 
 
4.4 Comparison of three CFD/UV/AOP/BPA performances 
The following study was the comparison of the performances by three UV 



















































































Phase III, and UV/H2O2+S2O8
2-
 system-Phase VI. The comparisons were 
carried out in terms of BPA removal, oxidizer residuals and intermediate 
product formaldehyde formation by each system. In addition, the disinfection 
synergy by each system was also investigated. The system - Phase VI used 
two oxidizers by mixing together at (1:1) the same ratio. The above three 
phases used the initial concentration of 75 ppb BPA with fixed 1000 ppb 
oxidizer. The oxidation and disinfection performances by each system were 
compared with one another as follows. 
 
4.4.1 BPA removal performance by three phases 
Fig 4.60 shows the BPA removals at various flow rates by the different 
treatment systems. Among the three phases, Table 4.8 shows the BPA 
removals when the initial BPA concentration was at 75ppb. At all flow 
velocities, the UV/H2O2 system has the lower BPA removal than the 
UV/H2O2+S2O8
2-
 system. At 75ppb concentration, the UV/S2O8
2-
 system 
seemed to work better. 
 
































































































The performance of the UV/S2O8
2-
 system shows the better BPA removal 
performance than Phase II in most of the flow rates. The combined system - 
UV/H2O2+S2O8
2-
 showed the best performance for BPA removal for all flow 
rates. The UV light dissociated persulfate ions into persulfate radicals. The 
radical reacted with water at a rate from 360 to 1000 s
-1
. The radical also 
reacted with OH
-








 and produced 
SO4
2-
 ion and OH radicals. Between these two reactions, the reaction rate with 
OH
-
 was higher and thus, the radical preferred to react with OH
-
 ion. Based on 








, the product OH radical 
concentration varied. The OH radical reacted with S2O8
2-
 ion and produced 








. The SO4 radical 








. The various 
reaction rates at each reaction chain definitely affected reaction processes in 
the system.  
 
The literature data for the quantum yield value of the persulfate radical varied 
from 0.5 to 1.4 (Criquet and Leitner, 2009). The quantum yield of OH radical 
formation in UV/H2O2 process has an exact value 0.5 for the UV wavelength 
254 nm. For UV/S2O8
2-
 process, the value of the quantum yield for the 
persulfate radical formation obtained in Justin et al. (2009) experiment with 
acetic acid degradation showed was 0.52. No other study has been found to 
confirm this value till the current study carried out by running the CFD model. 
In this study, the quantum yield for the persulfate radical formation used 
followed Justin et al., 2009.  Concerning molar extinction values, Herrmann et 







. The value was too high and close to the value obtained for UV 
wavelength 308 nm proved by Lavnov et al., 2000. The paper by Ivanov et al. 




for 254 nm. There was 




 for 254 
nm. Therefore, the molar extinction coefficients for UV wavelength 254 nm 











 for H2O2. The radical concentration is 
directly proportional to the UV fluence. The UV fluence rate (ruv) depends on 
the UV intensity and the chemical oxidizer concentration according to 
equations 3.25 and 3.60. Table 4.7 shows the UV intensity with S2O8
2-
 and 
H2O2 oxidizers used in UV/AOP systems and their fluence rate (ruv).  
Table 4.7 The sensitivities of the fluence intensity and the oxidizer 
concentration  
  0% (+10%) (+20%) 
Fluence intensity (w/m
2
) 400 440 480 
ruv (mol/L*s) 9.18E-09 1.01E-08 1.1E-08 
SO4 Conc.(mol/L) 4.6E-12 5.06E-12 5.52E-12 
        
[S2O8
2-







ruv (mol/L*s) 9.18E-09 1.84E-08 2.76E-08 
SO4 Conc.(mol/L) 4.6E-12 9.19E-12 1.38E-11 
  
     0% (+10%) (+20%) 
UV fluence (w/m
2
) 400 440 480 
ruv (mol/L*s) 4.89E-08 5.38E-08 5.87E-08 
OH. Conc.(mol/L) 6.12E-11 6.73E-11 7.35E-11 
        
[H2O2]o = 1000ug/L [H2O2]o 2*[H2O2]o 3*[H2O2]o 
ruv (mol/L*s) 4.89E-08 9.78E-08 1.47E-07 
OH. Conc.(mol/L) 6.12E-11 6.14E-11 6.15E-11 
 
 
In this study, CFD model result showed that the minimum UV intensity 
received by a particle at a specific time was 6.5 W/m
2
. The UV fluence 
169 
 
intensity produced by low pressure UV lamp was 400 W/m
2
. If a medium 
pressure lamp (MP) is used, the fluence intensity will be increased. If the UV 
fluence intensity was increased 10% of 400 W/m
2
, the fluence rate was 
increased from 9.18E-09 to 1.01E-08 mol/L*s for UV/S2O8
2-
 process. As a 
result, the persulfate oxidizers were dissociated more and the radical 
concentration was increased from 4.6E-12 to 5.06E-12. For the UV/H2O2 
system, the fluence rate was increased from 4.89E-08 to 5.38E-08 mol/L*s. 
Higher concentration of radicals provided stronger reaction kinetics according 
to the second order reaction rate which was oppositely proportional to the OH 
radical concentration. That is why the UV/S2O8
2-
 system degraded more BPA 
than the UV/H2O2 system. Doubling the oxidizer concentration also increased 
the flounce rate from 4.6E-12 to 9.19E-12 mol/L*s for the UV/S2O8
2-
 system 
and from 4.89E-08 to 9.78E-08 mol/L*s for the UV/H2O2 system (Table 4.9). 
Increasing the UV rate quickly dissociated the oxidizers and produced higher 
amount of radicals.  
 
Moreover, another possibility is that the CFD fluent model has some difficulty 
in at running very low concentration. The concentration used in the present 
study was too lower and the model cannot run properly at 25 ppb BPA and 50 
ppb BPA. Therefore, the various low concentrations cannot be simulated to 
show the sensitivity of the systems.  
 
4.4.2 Oxidizer residual performance by three phases 
Fig 4.61 shows the oxidizer residual in removing 75 ppb BPA at fixed oxidizer 
1000 ppb concentration with respect to various flow rates. Phase VI used the 
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mixture of peroxide and persulfate oxidizers as mentioned before. The 
possible reason of consuming different oxidizer concentration is based on the 
reaction process – multiple step mechanism. The radical consumption by the 
combined UV/H2O2+S2O8
2-
 system was different from other two systems; the 
UV/H2O2 system and the UV/S2O8
2-
 system. When persulfate was mixed with 
hydrogen peroxide, the OH radicals were generated by both persulfate system 
and peroxide system. The OH radical was highly non-selective in the 
degradation of contaminants while SO4 radical degraded more recalcitrant 
contaminants when they were used as a mixture. In the mixture Phase IV - 
UV/H2O2+S2O8
2-













for SO4 radical.  
 
Fig 4.61  Phase comparison on oxidizer residual (75 ppb BPA-1000 ppb 
Oxidizers) 
 
The rate constant of OH radical was higher than that of SO4 radical. This 
implies that OH radicals helped degrading more quickly in the mixing 
condition. The SO4 radicals degraded the remaining contaminants and their 

































































































two radicals’ competitive removal mechanism, the combined UV/H2O2+S2O8
2-
 
system effectively degraded the contaminants.   
 
4.4.3 Intermediate product Formaldehyde performance by three phases 
Fig 4.62 shows the formation of Formaldehyde intermediate products by each 
treatment system when the initial BPA concentration was 75 ppb. Except 700 
LPH, the UV/H2O2 system had the highest formaldehyde formation. If 
compared with BPA removal by each phase, the UV/H2O2+S2O8
2-
 system 
degraded BPA most and produced less formaldehyde among the three 
systems. The UV/S2O8
2-
 system removed BPA more than the UV/H2O2 system 
but the formation of formaldehyde was the highest among three systems.  
 
Fig 4.62 Phase comparison on mineralization (initial concentration of 75 ppb 
BPA-1000 ppb oxidizers) 
 
4.5 UV/AOP/MS2 disinfection comparison by three AOP systems 
Fig 4.63 shows the beneficial disinfection effect of AOP process in the 
removal of BPA emerging contaminants at various flow velocities. The three 

































































contaminant. The oxidizer concentration used was 1000 ppb for all phases. For 
Phase III, the mixture of 500 ppb H2O2 and 500 ppb S2O8
2-
were used. The 
water used for all cases from phase I to IV were tap water that was clear 
enough for UV treatment. Because of adding the oxidizers, the reaction 
process seemed to influence the UV transmittance and the UV dose received 
by the particle receiving.  
 
 
Fig 4.63  Comparison of UV/AOP log inactivations 
 
The CFD results showed the range of maximum and minimum UV doses 
received by microorganisms were higher in the UV/AOP treatments than those 
in Phase I – UV alone. The UV does range in Phase I was from 3.918 W/m2 to 
617.108 W/m
2
. The UV dose range in Phase II, Phase III to Phase IV with UV 
combined with oxidizer was from 7.981W/m
2































Flow rates (LPH) 
Exp - UV/MS2 
CFD-UV/MS2 - Phase I 
CFD-UV/H2O2/MS2 - Phase II 
CFD-UV/S2O82-/MS2 - Phase III 
CFD-UV/H2O2+S2O82-/MS2 - Phase IV 
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The study agreed with the finding by Alken et al., (2006). Alkan et al., (2006) 
has showed the UV/H2O2 disinfection synergy of humic surface water. A 
possible explanation was that the chemical constituents in the water matrix 
could have the direct relationship with the UV transmittance. The chemical 
material properties such as scattering coefficient and the absorption coefficient 
direly affect the UV transmittance. The concentration of the chemicals and the 
reaction mechanism also affected the microorganism particles’ inactivation 
process. For these reasons, three different treatment processes provided 
different disinfection efficiencies. Among three treatment processes, Phase II 
system shows the disinfection synergy similar to the disinfection efficiency in 
Phase I with UV alone. Phase III - UV/S2O8
2- 
system shows the highest 
synergy among the AOP disinfections in the present study. Phase VI–
UV/H2O2+S2O8
2-





5 CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 CONCLUSIONS 
Ultraviolet light (UV) has been used to disinfect microorganisms in 
drinking water treatment. It has also been used for oxidizing persistent 
organic compounds present in drinking water. Computational Fluid 
Dynamics (CFD) tool was applied in this study to access the disinfection 
and removal credits of UV-based advanced oxidation processes (UV/AOP) 
for microbial inactivation and emerging contaminant (BPA) degradation in 
water. Specifically, this study was categorized into four systems namely (i) 
UV alone, (ii) UV/H2O2 AOP, (iii) UV/S2O8
2-
 AOP and (iii) 
UV/H2O2+S2O8
2- 
AOP.  The MS2 survival rates were modeled for UV and 
UV/AOP systems. The amount of BPA degraded, oxidizer residuals, and 
the intermediate formaldehyde formation were evaluated during UV/AOP 
processes.  
 
The disinfection performance of the UV reactor was further improved by 
changing the current inlet/outlet diameter with respect to the main reactor 
body. The reactor performance was also improved by installing the spiral 
shape baffles. The log inactivation increased with increasing the number of 
spiral rings.  
 
The BPA degradation in all of the AOP systems followed pseudo 1
st
 order 
kinetics in batch reactor experiments. The reaction kinetics obtained by 
UV/H2O2 system – Phase II, UV/S2O8
2-









 and 0.1415 min
-
1
, respectively. It can be concluded that persulfate systems performed 
better in EDC removal than the current promising peroxide system. The 
intermediate product formaldehyde was detected in all the UV/AOP 
systems. 
 
Based on batch reactor results, it can be concluded that the BPA removal in 
the UV/H2O2 AOP system depended mainly on irradiation time. The BPA 
removal in the UV/S2O8
2-
 AOP system depended on the irradiation time, the 
initial BPA and the oxidizer concentration. The combined UV/H2O2+S2O8
2- 
system removed better at any irradiation time, at any BPA concentration and 
at any oxidizer concentration.  
 
The persulfate systems of the UV/S2O8
2-
 and the UV/H2O2+S2O8
2-
 favoured 
neutral pH condition whereas the UV/H2O2 favoured higher pH condition (pH 
8.5). If the UV/persulfate and the combined UV/peroxide+persulfate systems 
are compared, the combined UV/H2O2+S2O8
2-
 system showed the better 
performance in BPA removal than the UV/persulfate system. In addition, the 
peroxide oxidizer residual was higher than the persulfate oxidizer residual in 
the combined system. All of the systems provided the additional disinfection 
efficiency in the present of persistence compound BPA. It is concluded that 
the combined UV/H2O2+S2O8
2-
 system proposed in this study was an efficient 
and effective process in removing chemical resistance microbes and harmful 




5.2 RECOMMENDATIONS  
The followings are recommended in this study. 
1. The drinking water can be contaminated with emerging contaminants 
such as EDCs, PPCPs and pesticides. BPA was one of EDCs. Based on 
the findings from the BPA modeling study, CFD tool can be employed 
to study the by-products of the emerging contaminates besides EDCs. 
Any emerging contaminants such as PPCPs or pesticides and their by-
products can be formulated in CFD (PPCPs + radicals  by products 
or Pesticides + radicals  by products). The reaction mechanism 
between the contaminant and the radical is requisite for transporting 
species in CFD tool.  If more than one contaminants, there will be 
more than one reaction mechanism to be set in CFD tool. Moreover, 
Fluent software has been updated with chemical properties of some 
pesticide species such as atrazine. It is recommended to try multi 
contaminant removal with CFD tool. 
 
2. The study was able to detect acetone besides formaldehyde as another 
by-product of BPA after reacting BPA with H2O2 and S2O8
2-
 oxidizers 
under UV light. There were 41 by-products generated by BPA and 
H2O2 reaction under UV light. There was no report about by-products 
for BPA and S2O8
2-
 reaction under heat or UV light. This study 
successfully showed that UV/persufate process generated by-products. 






3. Some difficulties were found in running CFD model with the low 
chemical concentration although CFD solver 3DDP (3dimentional 
double precision model) was used. To use the higher concentration of 
chemical amount - mg/L instead of ug/L is recommended. 
 
4. The CFD tool has not been fully developed for kinetically controlled 
radicals and the multi-step reaction mechanisms in turbulent flow. 
Some of chemical species given in default were in gas state and to be 
converted to liquid state. Some radicals need to be defined by users in 
the model. The CFD tool was developed to analyse fluid movement. 
The model COMSOL was developed for chemical kinetics reaction 
process. It is useful to compare the two models; CFD and COMSOL. 
 
5. In UV treatment, there was a fouling issue that still cannot be solved 
till today. The CFD model can prove that the UV reactor inner wall has 
the fouling and shows the fouling in percentage. Artificial Neural 
Network (ANN) is a data driven model and used as a time series 
predictors. It is a flexible mathematical model which is capable of 
identifying complex non-linear relationship between input and output 
data sets. The ANN is applicable to validate the UV lamp sleeve 
fouling with CFD tool.   
 
6. Literatures have shown that the persulfate process has a different 
response from peroxide process to background constituents. It is 









 in the mixture on removal efficiencies of 
BPA or any PPCPs. 
 
 
7. Because of the rapid development of technology, peoples’ increasing 
demands and the spontaneous cycle of nature, the available water 
source is more limited and contaminated with anthropogenic 
compounds. Due to the increase in population, the clean water source 
has been contaminated with persistence microorganisms. Thus, it is 
recommended to review water treatment cases and give a try for the 
current drinking water treatment technology by applying the current 
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